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Introduction
Plants, unlike animals, are sessile organisms, which may cause a number of difficulties 
during the plants life cycle. For instance, in times of drought plants cannot search for 
an available water source, and in wet times they cannot hide from flooding. In addition, 
photosynthesis and respiration require gas exchange, resulting in considerable loss of water 
to the atmosphere (Salisbury and Ross, 1992). To deal with the water problem, plants have 
developed adaptations on various levels. On the whole plant level an elaborate root system 
is present that enables uptake of water from the surrounding soil and that regulate water 
uptake optimally both in times of drought and in wet times. In addition, in leaves and other 
organs stomata may be present to regulate gas exchange and prevent excessive water loss. In 
addition, sexual reproduction in higher plants, in contrast to lower plants, is independent of 
free water, representing an adaptation to life in dry areas. On a cellular level, the evolution 
of plants has resulted in the presence in the genome of large numbers of aquaporin genes, 
which code for proteins that allow water movement through cellular membranes and are so 
able to modulate water movement through cells, tissues and organs (Maurel and Chrispeels, 
2001). Plants typically possess more than 30 different aquaporin genes, whereas humans 
have 10 and Caenorhabditis elegans has 8 aquaporins (Kuwahara et al., 2000), indicating the 
importance of regulating water movement in plants. Aquaporins present in roots have been 
shown to be important in the uptake of water from the soil (Kaldenhoff et al., 1998; Siefritz 
et al., 2002; Javot et al., 2003), but they are also found in all other plant parts.
 Being sessile, plants cannot move to search for a suitable mate and various 
mechanisms that allow the transfer of the male gametophytes onto the female flower, aided 
by insect, wind or other vectors. Selection for the most suitable gametophytes then takes 
place in the pistil, before fertilization. For maintenance of the species, it is important that 
male gametophytes are selected to prevent fertilization by pollen of distantly related species. 
Another way to maintain the species is to become self-fertilizing, bypassing the need for 
vectors to transport pollen. This solution is widespread in the most advanced class of plants, 
the angiosperms, with most angiosperm plants self-fertilizing (Newbigin et al., 1993). In 
other angiosperms, by contrast, sometimes complicated ways to prevent self-fertilization 
can be found; these may include physical or temporal separation of the production of 
gametophytes or a molecular mechanism to prevent fertilization of genetically related 
gametes. However, whether a plant species is self-fertile or not, it is likely that gametophytes 
of different species reach the pistil, and subsequent events must guarantee that only gametes 
of the correct genotype can achieve fertilization.
Flower development
In plants, reproductive processes take place in the flower. Flower development and morphology 
are very variable between different angiosperm species and specific flower morphologies are 
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usually associated with specific ways of reproduction. Angiosperm flowers generally consist 
of four whorls of organs, with the organs that produce the male and female gametophytes, 
the stamen and the pistil, located in the innermost two whorls, protected by the sepals and 
petals on the outer two whorls (figure 1). The development of the different flower organs is 
under control of the so called ABC genes, which encode MADS-box transcription factors 
with overlapping expression patterns. According to the ABC-model of flower development, 
A activity alone produces sepals, A and B activity produces petals, B and C activity produces 
stamens and C activity alone produces pistils. However, the ABC genes are not sufficient 
to produce flower organs. Another class of MADS-transcription factors, called Sepallata in 
Arabidopsis, is necessary to produce petals, stamens and pistils (Jack, 2001). Although these 
transcription factors together regulate flower development, the timing of flowering is under 
control of various factors, including day length, temperature and plant developmental stage 
(Pineiro and Coupland, 1998).
Anther and pollen development 
Male reproductive processes take place in the stamen, which develops in the third floral 
whorl. The number of stamens per flower may vary between species; tobacco flowers for 
example have five stamens, whereas the Arabidopsis flower contains six stamens. The 
stamen consists of two distinct parts: the anther, which is the structure where the male 
gametophytes are formed, and the filament, a stalk of vascular tissue that connects the anther 
to the flower. Stamen development is characterized by two distinct developmental phases 
(Goldberg et al., 1993). During the first phase, both parts of the stamen differentiate shortly 
after the stamen primordia have formed on the floral meristem. The cells of the anther then 
differentiate into various tissues, and microspore mother cells undergo meiosis. During the 
second phase the anther enlarges, the filament elongates, the microspores develop into pollen 
grains and the anther undergoes a dehiscence process to release the mature pollen grains. A 
schematic representation of a cross section through a tobacco anther at the end of the first 
developmental phase is shown in figure 2. At this point, the anther is a bilateral symmetric 
structure that consists of two thecae connected by the vascular bundle that runs through 
the anther and connects it to the filament. Each theca contains two locules, or pollen sacs, 
where the microspores develop into pollen, shielded from the rest of the anther by a single 
cell layer called the tapetum. The locules and tapetal cells are situated between the cells 
of the connective and the anther wall, on the inside and on the outside, respectively. Each 
theca is on the outside lined by the cells of the stomium, that are bordered on the inside by 
a group of cells that is called the circular cell cluster (CCC) in tobacco, but is known as the 
intersporangial septum or hypodermal stomium in other plants. All these tissues and cell 
types have specialized functions in anther and pollen development and pollen dispersal, as is 
reflected by different gene expression profiles (Koltunow et al., 1990; Beals and Goldberg, 
1997).
 Microspore and pollen development is initiated by the differentiation of archesporial 
cells into microspore mother cells. These undergo meiosis to produce four microspores, held 
together in tetrads by a callosic wall. After release from the tetrads by the enzyme callase, 
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each microspore divides asymmetrically, resulting in a pollen grain that consists of a small 
generative cell located inside the vegetative cell. In part of the angiosperm species the 
generative cell divides again during its development in the anther to produce a tricellular 
pollen grain containing two sperm cells. In other angiosperms this does not occur, resulting 
in a bicellular mature pollen grain. In these latter plants this division, which is required 
for achieving double fertilization, takes place during pollen tube growth in the style (Esau, 
1977). When the divisions are complete, the pollen grain continues to synthesize mRNA 
and protein, which are stored to allow rapid initiation of germination after pollination 
(Mascarenhas, 1993). Finally, pollen grains dehydrate during the dehiscence process, and 
contain according to the species between 10 to 50% of their water at dehiscence (Franchi et 
al., 2002).
Pistil development and morphology
The pistil develops in the innermost floral whorl, and serves to produce, protect and nourish 
the female gametophytes, and to support pollen tube growth that may lead to successful 
fertilization. Pistil morphology and the number of carpels that can compose it vary strongly 
between species, but generally a pistil is composed of three structurally and functionally 
different parts: the stigma, the style and the ovary. The ovary is located at the bottom of the 
pistil and contains the gametophyte-carrying ovules. In angiosperm plants, different types 
of female gametophytes, or embryo sacs, are found, but the most common is the polygonum 
type with seven cells and eight nuclei: three antipodal cells on the chalazal end of the embryo 
Figure 1: Schematic representation of an angiosperm flower, showing the four whorls 
of floral organs. 
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sac, the central cell containing two polar nuclei, and on the micropylar end two synergid cells 
and the egg cell. The cells of the ovules surround the embryo sacs, providing support and 
nourishment. After double fertilization, resulting in the formation of the zygote and triploid 
endosperm, the remains of the ovule will form the seed coat, and the ovary will develop in 
the fruit (Esau, 1977). 
From the ovary, the carpel walls elongate to form the style. A specialized tissue in 
the style, the transmitting tissue, guides the pollen tubes from the stigma to the ovary. In some 
species, the transmitting tissue cells, secrete mucilage in the intercellular space that separates 
the cells. Pollen tubes grow through this intercellular matrix, which contains factors that 
support, stimulate and guide pollen tube growth. In other species the transmitting tissue is 
solid, and pollen tubes grow through the walls of the cells.
The stigma is the upper part of the pistil and its secretory cells form a continuum 
with the transmitting tissue of the style; it has been suggested that they are evolved from a 
single ancestral cell type (Gasser and Robinson, 1993). The stigma is the place where the 
pollen grains are captured and where the first interactions between the male gametophyte and 
the sporophytic tissues of the mother plant take place. The cells of the stigma epidermis form 
specialized structures called papillae, which may be variable in size and number between 
species. Generally, stigmas can be categorized in dry type and wet type stigmas (Heslop-
Harrison and Shivanna, 1977). Dry type stigmas, like those of the Brassicaceae, have many 
elongated papillae and a dry stigmatic surface, on which a proteinaceous pellicle is present. 
Wet type stigmas generally have less papillae but produce exudate; in some species before 
pollination, but in other species it is a post-pollination response. The nature of the exudate 
may differ between plant species and can be aqueous such as the exudate of lily, or lipidic like 
that of tobacco. Other components of the exudate differ, but may include free ions, sugars, 
amino acids, carbohydrates and glycoproteins, which are suggested to have a role in the 
interaction with the pollen grain or may be antimicrobial. It has been shown that the exudate 
is necessary for successful pollen tube penetration of the stigma, and it is thought that the 
lipidic pollen coat that is present on the pollen grains of dry stigma type plants is analogous 
to the exudate of wet stigma type plants (Dickinson, 1995). Together, the three parts that form 
a pistil are designed to protect, support and nourish the embryo sacs, and to support pollen 
growth to allow fertilization.
Anther dehiscence
During the last stages of its development, the anther undergoes a coordinated dehiscence 
process to release the pollen at the correct time. The events that culminate in dehiscence 
initiate with the degeneration of the cells of the CCC, which allows the two locules of each 
theca to be connected and breaks the contact of the stomium cells with the cells on the 
inside of the anther. The latter process may be important, as premature degeneration of CCC 
cells in tobacco prevented the locules to be connected, attaching the epidermal cells to the 
degenerating cells of the connective for the remainder of development (Beals and Goldberg, 
1997). Concurrently with the degeneration of the CCC, the cells of the anther wall acquire 
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secondary wall thickenings that are important for the opening of the anther at dehiscence 
(Steiner-Lange et al., 2003). Remarkably, these structures were absent when the CCC 
degenerated prematurely (Beals and Goldberg, 1997), possibly indicating that the signal 
that triggers their synthesis may be produced by the degenerating cells of the CCC. After 
these events, the tapetum degenerates, which results in the two locules becoming connected. 
From this point on, tobacco anthers lose water in a programmed dehydration process until 
the moment of dehiscence, and at the same time the pollen grains start to dehydrate. It is not 
clear how the dehydration of the anther is regulated, and both evaporation and translocation 
of water according to osmotic gradients have been suggested to play a role in this process 
(Keijzer, 1987; Bonner and Dickinson, 1990). Indications for the latter possibility come 
from observations that changes in carbohydrate metabolism take place in the anthers of a 
number of species before and during dehydration (Bonner and Dickinson, 1990; Stadler et 
al., 1999; Pressman et al., 2002). These examples, however, are limited to a few species 
and supported by localization data only. In addition, carbohydrate metabolism is obviously 
not only required for laying down osmotic gradients, but is involved in basal metabolism 
as well, making correct interpretation of these data difficult. Very little is known about the 
dehydration of the pollen during anther dehydration. Mature pollen only retains 10–50% 
of its water (Franchi et al., 2002), but it is unclear which portion is withdrawn from the 
pollen when they are still in the anther and which portion evaporates. Data from tomato 
indicated that pollen dehydration is not complete at dehiscence (Bonner and Dickinson, 
1990), suggesting that evaporational loss contributes to pollen dehydration. The only known 
mutant that affects pollen dehydration is the gametophytically expressed raring-to-go of 
Arabidopsis. Mutant pollen grains at dehiscence are less dehydrated than wild type pollen, 
and when the anthers are exposed to high humidity pollen tubes form while the pollen 
Figure 2: Overview of a cross-section of an anther after the first 
developmental phase, showing the connective (C), the locule with 
the pollen (L) surrounded by the tapetum (T), the vascular bundle 
(V) and the stomium (S) and circular cell cluster (CCC). 
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grains are still in the anther (Johnson and McCormick, 2001). Although it appears that the 
mutated pollen grains circumvent the necessity to dehydrate and rehydrate before producing 
a pollen tube, it is uncertain exactly when and how the mutation acts. However, the fact that 
the mutation is gametophytic does indicate that pollen dehydration is an active process that 
is, at least in part, controlled by the pollen grain itself. Concurrently with the dehydration 
of the anther and pollen the cells of the connective degenerate, resulting in a large locule 
surrounded by the dehydrated anther wall. Finally, dehiscence is initiated by degeneration of 
the stomium cells and the opening of the anther. The secondary wall thickenings are believed 
to generate the force that opens the anther.
 In Arabidopsis a number of mutants have been identified that affect anther 
dehiscence at various levels (Sanders et al., 1999). Two of the mutants affect the expression 
of enzymes that are involved in the synthesis of the plant hormone jasmonic acid (Sanders et 
al., 2000; Ishiguro et al., 2001), indicating that this hormone plays an important role in anther 
dehiscence. By contrast, in tobacco ethylene has been shown to be important in the timing 
of dehiscence (Rieu et al., 2003). The delay in dehiscence after blocking ethylene actions 
affected all processes normally observed in developing anthers and also processes in other 
flower parts, suggesting that in this plant ethylene may perform the coordinating role that 
jasmonic acid plays in Arabidopsis. 
Pollen-pistil interactions
Pollen-pistil interactions occur between the gametophytic structures of the pollen and 
pollen tube and the sporophytic cells of the pistil and are of great importance for achieving 
fertilization. On the stigma, these interactions determine which pollen grains will hydrate, 
germinate and form a tube, whereas the interactions in the style may involve selection of 
pollen tubes for fitness and for genotype in the case of incompatibility. Finally, in the ovary, 
the ovules produce signals to attract pollen tubes and achieve fertilization. 
Pollen-stigma interactions on dry stigmas
When a pollen grain reaches a dry stigma, the first event to occur is adhesion of the pollen 
grain to a papilla cell. Adhesion of the pollen is rapid and species-specific: on Arabidopsis 
stigmas, only pollen grains from Arabidopsis bind with great affinity (Zinkl et al., 1999). 
Adhesion is dependent on the presence of the proteinaceous pellicle on the stigmatic papillae, 
and it has been suggested that the self-incompatibility components SLG and SLR, present 
in the papillar cells, are involved in adhesion as well (Luu et al., 1999). Recently it was 
shown that mutant pollen grains that lack a pollen coat adhere as well as wild type pollen. 
In addition, an adhesion mutant was described that displayed alterations in exine patterning 
but possessed normal pollen coating, indicating that it may in fact be molecules in the exine 
itself that bind to the stigma (Zinkl and Preuss, 2000). Pollen of this mutant are fertile, 
demonstrating that tight adhesion to the stigma is not required for downstream events to 
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occur; this is also suggested by the observation that less strongly adhering Brassica pollen 
are capable of producing pollen tubes when applied to Arabidopsis stigmas (Hulskamp et 
al., 1995). The pollen coat is a layer of mainly lipids and proteins that is present around 
individual pollen grains. Most of its components are secreted by the cells of the tapetum, 
but in addition some of the proteins are synthesized by the pollen grain itself. The roles of 
the pollen coat are multiple, such as adhesion to pollination vectors and protection against 
radiation damage. After adhesion of the pollen grain, the pollen coat forms a layer around the 
contact zone between the pollen grain and the dry stigma and hydration commences. A class 
of Cer-mutants with altered pollen coats fails to hydrate on the stigma, demonstrating that 
either the lipids or the proteins of the pollen coat signal the stigma to release water (Preuss et 
al., 1993; Hulskamp et al., 1995). Recently, it was demonstrated that lipids are the molecules 
that invoke water release from the stigma, and application of different types of lipids resulted 
in restoration of hydration of Cer-pollen on dry type stigmas (Wolters-Arts et al., 1998; Zinkl 
and Preuss, 2000). The role of the proteins of the pollen coat seems less crucial to pollen 
hydration. The most abundant protein in the pollen coat, the oleosin-like protein AtGRP17, 
has been found to be required for the rapid initiation of hydration, but pollen without this 
protein can achieve hydration, germination and fertilization, even when competing with wild 
type pollen in a mixed pollination experiment (Mayfield and Preuss, 2000). However, the 
Arabidopsis pollen coat contains at least four oleosin-like proteins, and it is possible that their 
functions overlap and that some of the effects caused by absence of AtGRP17 are masked.
 A special case of signaling during pollen-stigma interactions on dry type stigmas is 
the rejection reaction that occurs in sporophytic self-incompatibility. If the pollen grain is of 
the incompatible type, hydration is prevented and callose is deposited in the stigma below 
the pollen grain contact side as a result of this signaling cascade. Stigmatic proteins that are 
involved in the SI-response are the S-locus receptor kinase (SRK) localized in the papillar 
plasma membrane, the S-locus glycoprotein (SLG) located to the cell wall of the papillar cell, 
and the ARC1 protein that acts intracellularly in the signaling cascade. The male determinant 
of the SI-response was shown to be a small cysteine rich protein (SCR), which is expressed 
both by the pollen grains and the cells of the tapetum and is found in the pollen coat. This 
protein interacts in an S-haplotype specific manner with SRK and perhaps with SLG to 
prevent pollen hydration (Nasrallah, 2000). Interestingly, SCR shows similarities with pollen 
coat proteins that are present in self-compatible species like Arabidopsis, and related proteins 
are even found in more distant species like tomato (Goldman et al., 1994; Tang et al., 2002). 
Members of this pollen coat protein (PCP) family from Brassica have been shown to interact 
with proteins from the stigma, but their exact role is unknown (Doughty et al., 1993). It is 
possible that the SCR-like proteins in these species are also responsible for communication 
with the cells of the pistil, and in this way participate in regulating pollen tube germination 
and growth through the pistil tissues in compatible pollinations. When hydration of the 
pollen is complete, a pollen tube extends, invading the cell wall of the stigmatic papilla cell, 
and continues to grow downwards between the outer and the inner layer of the papilla cell 
(Kandasamy et al., 1994). In the dry type stigma of Brassica, esterases were shown to be 
required for penetration of the stigmatic cells (Hiscock et al., 2002).
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Pollen-stigma interactions on wet type stigmas
When pollen grains land on a stigma that is of the wet type, they sink into the exudate until 
they contact the stigma epidermis. No strong adhesion between the pollen and the stigma 
takes place in these plants, and it has been observed that pollen grains are occasionally 
pushed upward from the stigmatic surface by the force that is generated during pollen tube 
extrusion. However, also in plants with wet type stigmas direct contact must be established 
between the pollen grain and the stigmatic surface for hydration to occur (Wolters-Arts et 
al., 1998). Hydration on wet type stigmas is generally less restrictive than hydration on 
dry type stigma, allowing hydration of unrelated pollen grains and possibly even of fungal 
spores (Dickinson, 1995). The water that is used for pollen hydration is derived from the 
stigma, and a small layer of water that disappears as hydration progresses is observed on 
the stigmatic surface under the exudate (Wolters-Arts et al., 1998). By ablating the stigmatic 
secretory zone and thereby abolishing exudate production, it was shown that the exudate is 
required for hydration of pollen and more detailed analyses revealed that, even though simple 
germination medium was sufficient to induce germination, specific lipids in the exudate are 
necessary and sufficient to restore directional pollen tube growth into these stigmas (Goldman 
et al., 1994; Wolters-Arts et al., 1998). Because of the analogy between the lipids required 
in pollen-stigma interactions on dry and wet type stigmas, it could be shown that the pollen 
coat is the equivalent of the stigmatic exudate (Wolters-Arts et al., 1998). The exudate also 
contains a number of proteins, which may play a role in pollen-stigma interactions, but that 
could also have anti-microbial functions (Kuboyama et al., 1997; Pezzotti et al., 2002). Not 
much is known about the involvement of pollen components in hydration on the wet stigma, 
but the less restrictive nature of hydration on this type of stigma may imply the occurrence 
of less elaborate signaling events. However, signals are released from pollen and received by 
the stigma, as the application of latex beads to Petunia stigmas failed to invoke the responses 
that were initiated by application of pollen grains. The only protein that was found to play a 
role in pollen hydration on wet type stigmas was the tomato protein LAT52, a small cysteine 
rich protein with similarity to PCP-class of proteins. When the accumulation of this protein 
was downregulated by the expression of an antisense construct, affected pollen grains were 
unable to hydrate in germination medium containing PEG, but appeared to hydrate normally 
in germination medium without PEG. In vivo, part of the affected pollen grains produced a 
pollen tube, but pollen tube growth was strongly disturbed (Muschietti et al., 1994). Recent 
data has revealed that LAT52 and other related small cysteine rich proteins can physically 
interact with the pollen localized Pollen Receptor Kinase 2 (LePRK2), but this interaction 
is only observed in mature and not in germinated pollen (Tang et al., 2002). Additionally, in 
mature pollen, LePRK2 is phosphorylated and detectable in a complex with Pollen Receptor 
Kinase 1 (LePRK1), and both LePRK2 phosphorylation and the LePRK1/LePRK2 complex 
disappear after treatment with pistil extracts (Wengier et al., 2003). Together, this indicates 
the existence of an autocrine signaling system where LAT52 could interact with LePRK2 to 
promote pollen germination and pollen tube growth in wet type pistils (Johnson and Preuss, 
2003).
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 On the stigma, pollen tubes emerge from one of the apertures and may elongate 
along the stigmatic surface before turning and entering into the space between the stigmatic 
epidermal cells. In an in vitro system it has been shown that in the presence of a gradient 
of water pollen tubes orientate towards the water source (Lush et al., 1998), but if such a 
gradient is present in the exudate and if it is responsible for guiding the pollen tube into the 
stigma is unclear.
Pollen tube growth
Pollen germination on the stigma may be stimulated or regulated by sporophytic factors, but 
pollen tubes are also easily formed in vitro by pollen germination in simple media containing 
at least calcium ions and boric acid. Pollen tubes that are formed this way are not completely 
identical to pollen tubes germinated on the stigma (Taylor and Hepler, 1997; Lubliner et al., 
2003), but analysis of in vitro grown pollen tubes has nonetheless accumulated large amounts 
of data on the mechanism of pollen tube growth. In the in vitro system, binucleate pollen 
germinates much easier than trinucleate pollen, but the reason for this difference is unknown. 
However, even binucleate pollen never reach lengths and growth speeds comparable to in vivo 
growing pollen tubes, and it has been suggested that in vitro growth of pollen is comparable 
only to the autotrophic growth phase in the stigma (Lubliner et al., 2003). Heterotrophic 
growth would then require pistil factors, and if this is true it could imply that trinucleate 
pollen requires pistil factors at earlier stages of germination and pollen tube growth. This 
could provide an explanation for the poor in vitro growth of tricellular pollen tubes.
 Because the plasma membrane of dehydrated pollen is in a semi-crystalline state, 
the initial pollen hydration is thought to involve uncontrolled bulk water flow (Hoekstra et 
al., 2001). The hydration of pollen grains results in a change in the organization of the pollen 
cytoplasm and the establishment of a calcium gradient, and in addition restarts the pollen 
metabolism, leading to rapid translation of stored mRNAs. It has been shown that pollen 
tube germination proceeds normally in the presence of transcription inhibitors, but not in 
the presence of translation inhibitors, illustrating the importance of the stored messengers 
(Taylor and Hepler, 1997).
 Pollen tubes grow by oscillatory tip growth, with the older parts of the tube cut off 
from the growing part by the formation of a callose plug, which allows continuous pollen 
tube growth without constantly increasing the pollen tube cytoplasm. Various ions play a role 
in oscillatory pollen tube growth. For example, a gradient of calcium is present at the extreme 
pollen tube tip, with high concentration intracellularly and low concentration extracellularly. 
It has been shown that disturbance of this gradient leads to impaired pollen tube growth, and 
in addition that the intracellular calcium levels oscillate with the same frequency as the pollen 
tube growth rates, indicating a direct link between calcium and pollen tube growth (Pierson 
et al., 1996; Taylor and Hepler, 1997). Other ions involved in pollen tube growth are borate 
and H+, which may both be involved in altering the rigidity of the pollen tube cell wall, but 
have contrasting effects (Holdaway-Clarke et al., 2003). Borate is an absolute requirement 
for pollen tube growth. Protons, in addition to their function in the cell wall, may also alter 
the pH of the pollen tube cytoplasm and so influence pollen tube growth. Chloride fluxes 
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also appear to be important in pollen tube growth, as chloride efflux occurs in an oscillating 
fashion that correlates with the oscillating growth curves of the pollen tube (Zonia et al., 
2001). In addition, the application of putative chloride channel blockers results in inhibition 
of pollen tube growth and swelling of pollen tubes (Zonia et al., 2002), which has led to the 
suggestion that chloride is connected to the regulation of hydrodynamics in the growing 
pollen tube. Finally, potassium transport plays a role in pollen tube growth, as indicated by 
the downregulation of a pollen tube potassium transporter, which resulted in reduced pollen 
tube growth (Mouline et al., 2002). However, both chloride and potassium transporters are 
under control of calcium concentrations, leaving that ion as a master regulator of pollen tube 
growth (Holdaway-Clarke et al., 2003).
After germination and penetration of the stigma, the pollen tubes grow downwards 
towards the transmitting tissue of the style. In Petunia and other species it was observed that 
the pollen tubes enter another growth phase associated with faster growth rates when they 
reach the transition zone below the stigma (Lubliner et al., 2003). The authors suggest that 
this transition is indicative of a conversion from autotrophic growth to heterotrophic growth, 
and that the presence of some of the components of the transmitting tissue intercellular 
matrix allow the faster pollen tube growth rates observed after the transition zone. One of 
the major components of the transmitting tissue intercellular matrix in the Solanaceae are 
arabinogalactans (AGPs), highly glycosylated proteins that are also present in other parts 
of the pistil and in pollen (Cheung and Wu, 1999). One class of arabinogalactan proteins 
in the tobacco transmitting tissue is the Transmitting Tissue Specific (TTS) proteins that 
are encoded by two highly homologous genes. TTS proteins were shown to attract pollen 
tubes in a semi-in vitro system, and to promote pollen tube growth in the style. In addition, 
they were found to be increasingly glycosylated towards the bottom of the style, and it was 
demonstrated that growing pollen tubes induce a deglycosylation of TTS proteins (Cheung et 
al., 2000). Together, this is indicative for a role of TTS proteins in guiding the pollen towards 
the ovary, and possibly TTS is one of the components that enable the fast pollen tube growth 
in the tobacco style (Lubliner et al., 2003). Other AGPs are also present in the transmitting 
tissue of tobacco, but a function in pollen tube growth similar to TTS was not observed for the 
AGP PELPIII. However, PELPIII is incorporated in the callose inner wall of the pollen tube, 
indicating that this class of proteins does interact with pollen tubes (Bosch et al., 2003) and 
similar observation have been made for other AGPs of the style (Cheung and Wu, 1999).
 In species with wet type stigmas pollen hydration on the stigma is not very strictly 
regulated, and in these species the style plays an important role in selection for suitable and 
compatible pollen tubes. Notably, the ratio of style size to ovary size is usually high in these 
species, whereas species with dry stigmas, which select pollen on the stigma surface, have an 
opposite ratio. In some interspecific crosses in Nicotiana species, interspecific pollen tubes 
stopped growing in the style, whereas pollen tubes in another interspecific cross grew through 
the styles at very low rates (Kuboyama et al., 1994). Inhibition of pollen tube growth in the 
style is in agreement with the idea that, at this point, pollen tubes grow heterotrophically and 
interactions with components of the transmitting tissue occur. To date, it is largely unclear 
which molecules in the style are responsible for rejecting interspecific tubes. A process related 
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to this is the rejection of self-incompatible pollen tubes in gametophytic self-incompatibility. 
Here, SI pollen is inhibited by the uptake of an S-RNase only if it carries an S-allele that is 
similar to one of the S-alleles of the pistil. S-RNases are expressed in the stigma and in the 
style, but arrest of pollen tube growth usually occurs in the style (Newbigin et al., 1993). 
Additional pistil proteins that play a role in gametophytic SI are not associated with the 
S-locus, and one of these factors, HT, has also been implicated to function in rejection of 
interspecific pollen tubes (Cruz Garcia et al., 2003). Interestingly, it was found that S-RNases 
immobilized on a column bind AGPs, including TTS and PELPIII and indicate that they may 
enter the pollen tube in a complex with these and perhaps other proteins (Cruz Garcia et al., 
2003). Together, these data indicate that the style is not merely an inert passage to the ovary, 
but that it interacts with pollen tubes in various ways and plays a role in competition and 
guidance of pollen tubes on their way to the ovary. 
From the data presented above it may become clear that pollen tube growth relies 
on correct signaling between the pollen tube and pistil components, and similarly the 
development of both the male and female gametophytes depends on correct interactions with 
the cells of the anther and ovule, respectively. Moreover, the fast growth rates of pollen tubes 
are only possible in the optimal environment that is provided by the cells of the pistil. One of 
recurring themes in the cellular interactions during sexual reproduction is the movement of 
water between cells and tissues. Naturally, water movement is required for cell enlargement 
and growth, but it also occurs in the anther during dehiscence, when most tissues of the 
anther and the pollen dehydrate. In the case of the anther, dehydration causes the build up of 
a force that opens the anther at dehiscence, and for the pollen it induces a metabolic arrest 
that allows it to survive for substantial periods of time. When compatible pollination has 
occurred, pollen rehydrates on the stigma with water that is withdrawn from the stigmatic 
cells and germinates. The pollen tube that is then formed grows through the stigmatic tissue, 
and it is likely that the pulsatory expansion of the pollen tube cytoplasm requires controlled 
additional uptake of water from the pistil. 
Aquaporins
Although water can move through the lipid bilayer, this movement is rather slow and, 
more importantly, uncontrolled. However, proteins have recently been discovered that 
allow rapid and controlled movement of water over a biological membrane. These proteins, 
collectively named aquaporins, belong to the Major Intrinsic Protein (MIP) family and are 
present in plants, animals and microorganisms (Borgnia et al., 1999). It must be noted that 
aquaporins do not transport water against an osmotic gradient, but simply allow movement 
of water following osmotic and hydrostatic pressure gradients that are present between two 
biological compartments. The number of MIP genes in plant genomes is large, and this may 
be correlated with the sessile nature of photosynthesizing plants, which causes difficulties 
in acquiring and retaining water. Not all MIP members mediate the movement of water 
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only: a subset of related MIP family members is permeable also to glycerol. In some cases 
even transport of some ions and gasses such as CO
2
 has been observed (Dordas et al., 2000; 
Tyerman et al., 2002; Uehlein et al., 2003). In humans 10 aquaporins are present, which are 
mainly expressed in the kidney, lung, eye and brain (King et al., 2000). It has been shown 
that mutations in a number of aquaporins are associated with the occurrence of diseases: 
nephrogenic diabetes insipidus, for example, is caused by mutations in the AQP2 gene 
resulting in impaired routing of aquaporins in the kidney (Kamsteeg et al., 1999).  
Aquaporin structure
All proteins of the MIP super family share strongly conserved structures and have similar 
biochemical characteristics, indicating that their function may be conserved across kingdoms 
(figure 3). Aquaporins are hydrophobic membrane-localized proteins of approximately 30 
kDa that contain six transmembrane domains (TM 1-6), connected by five loops (A-E). The 
cytoplasmic N- and C-termini are much less conserved than the central part of the protein 
and may contain the only differences between related aquaporin homologues. The five loops 
that connect the transmembrane domains may be of variable length and composition, with 
loops B and E containing a number of highly conserved hydrophobic amino acids. NMR and 
crystallography studies have revealed that these loops are folded into the membrane, where 
they meet, forming an opening in the centre of the hydrophobic protein that is lined with 
hydrophilic amino acids (Murata et al., 2000). The actual pore is formed by an extremely 
conserved asparagine/proline/alanine (NPA) motif that is present in both loops B and E 
and has been shown to be crucial to the transport properties of the aquaporins (Jung et al., 
1994). These three amino acids are positioned in the centre of the aquaporin, and form a 
pore of approximately 3 Å, leaving an opening that is just big enough for a single water 
molecule to pass through. Most molecules may thus be excluded from passage through 
the aquaporin because of size restrictions. Both positively and negatively charged amino 
acids on specific positions in the pore force water molecules to move through the pore one 
by one by forming of specific hydrogen bonds. Close analysis of molecular dynamics data 
has revealed that protons, obviously smaller than water, are repelled from the pore because 
they cannot form these hydrogen bonds (Fujiyoshi et al., 2002). Aquaporins therefore allow 
hydraulic connections to be established between two compartments, without disturbing the 
electrophysiological conditions that may be important for cellular function. In addition to 
the NPA motifs, other amino acids are involved in determining the rates of water movement 
or transport specificity. For example, changing two amino acids in the sixth transmembrane 
helix of the insect aquaporin AQPcic, converted a water specific aquaporin into a glycerol 
facilitator (Lagree et al., 1999). 
When inserted in the membrane, aquaporins are always present in tetramers, 
but analysis revealed that a single aquaporin monomer is sufficient to allow movement 
of water. Some reports have indicated the presence of tetramers consisting of different 
aquaporin homologues (Harvengt et al., 2000), but it is unclear if this is an exception or the 
rule. The four units of a tetramer are tightly connected by coiled-coil interactions between 
transmembrane domains of neighboring monomers (Murata et al., 2000). The presence of 
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tetramers instead of monomers in the membrane not only results in higher water permeability 
per functional unit, but also allows additional forms of regulation. In the case of the human 
AQP 2 it has been shown that the tetramer is targeted to the plasma membrane only when at 
least three out of four subunits are phosphorylated, but not when phosphorylation ratios are 
lower (Van Balkom et al., 2002). Because phosphorylation of aquaporins has been shown to 
alter the activity in more instances, it is possible that the regulation of tetramer targeting to the 
membrane is conserved in other species as well. Alternatively, in these cases phosphorylation 
could directly change the transport properties of each monomer (Maurel et al., 2002). Cryo-
electron microscopy has enabled the visualization of aquaporin tetramers and revealed that 
an additional pore may be present in the centre of the tetramer (Engel et al., 2000). Whether 
this is indeed a pore, and whether it is functional in some way, remains unclear. However, this 
observation does lead to exciting possibilities, as it could indicate the transport of completely 
different molecules through the aquaporin tetramers.
Plant aquaporins
Plants generally have large numbers of aquaporin genes in their genomes, like for instance 35 
in the fully sequenced genome of Arabidopsis (Johanson et al., 2001; Quigley et al., 2002). 
In maize, EST database searches revealed the presence of 31 aquaporin homologues and also 
in other species high numbers of aquaporins were reported (Chaumont et al., 2001; Maurel et 
al., 2002). Analysis of plant aquaporin sequence similarities and gene structure have resulted 
in the identification of four subfamilies, named Plasma membrane Intrinsic Protein (PIP), 
Tonoplast Intrinsic Protein (TIP), Nod26-like Intrinsic Protein (NIP) and Small and basic 
Figure 3: A schematic representation of the general structure of an aquaporin 
protein, showing the transmembrane helices (TM1-6), the connecting loops 
(A-E) and the conserved NPA domains in loops B and E. Adapted from 
Chaumont et al. (2001).
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Intrinsic Protein (SIP) (Johanson and Gustavsson, 2002; Quigley et al., 2002). Expression in 
Xenopus oocytes of some members of these classes has revealed that both water channels and 
glycerol facilitators are present in these subfamilies. 
PIPs
The largest subfamily of plant aquaporins is the PIP subfamily, representing 13 of the 35 
Arabidopsis MIP homologues, and has been studies in most detail. The majority of the PIP 
homologues are present in the cellular plasma membrane, possibly making them the major 
determinant in cellular water permeability. A number of reports indicated that PIPs might 
also be present in intracellular membranes or in the vacuolar membrane (Kirch et al., 2000). 
Although this observation could indicate that PIPs also function intracellularly, it could also 
mean that a mechanism exists to shuttle aquaporins between endomembrane vesicles and 
the plasma membrane, as it exists for human AQP2 in the kidney (Van Balkom et al., 2002). 
In addition, it is also possible that the intracellular PIPs are newly synthesized and being 
targeted to the membrane. 
PIPs possess key amino acids indicative of true water channel function (Maurel et 
al., 2002), and analysis of the transport properties of a limited number of PIP homologues 
from various species has revealed that most are specifically permeable to water, though some 
exceptions are reported. For example, it has been shown that PIP expression in oocytes 
increases boric acid uptake (Dordas and Brown, 2001), and NtAQP1, a PIP homologue from 
tobacco, is permeable to water and to glycerol (Biela et al., 1999). Recently it was shown 
that the same aquaporin is also permeable for CO
2
 and that it functions as a CO
2
 pore in 
vivo (Uehlein et al., 2003), revealing an exciting novel feature of aquaporins. However, it is 
unknown if this is a general feature of PIPs or if it is specific to NtAQP1. The homologies 
between members of the PIP subfamily are relatively high, but based on their sequences 
they can be grouped in two classes, designated PIP1 and PIP2. However, the functional 
relationship, if any, between these two classes remains unclear. Interestingly, in the oocyte 
system PIP2 proteins are more efficient water channels than PIP1, and this is rather consistent 
throughout the PIP2 class. One explanation for this observation may be that PIP1 proteins 
require certain factors for efficient water transport, which are not present in Xenopus 
oocytes. Recent data indicate that PIP proteins are capable of more efficient water transport 
in reconstituted membranes, provided that they are isolated in the presence of divalent cation 
chelators (Maurel et al., 2002).
 Analysis of the expression patterns of PIP genes has revealed that they are present 
in all plant parts examined, and in addition it has been found that very often combinations 
of PIP1 and PIP2 proteins are present in most tissues and organs (Maurel et al., 2002). This 
could indicate that the different PIP classes display different transport rates or specificities, 
or that they are differently regulated, but evidence for such differences from in vivo studies is 
scarce. Another view is that PIP1 and PIP2 proteins would function in heterotetramers, and 
indeed it has been shown in vitro that heterotetramers can form and mediate the movement of 
water at higher rates than either PIP1 or PIP2 homotetramers (Fetter et al., 2004). However, 
evidence for the formation of heterotetramers in vivo has been reported on one occasion only 
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(Harvengt et al., 2000). Because of their ubiquitous expression and responsiveness to a wide 
range of stimuli, PIPs have been suggested to function in basic cellular processes such as 
growth and osmoregulation, but PIPs have also been implicated in plant-parasite interactions 
and general stress responses, leaf movements, stomatal opening and closure and even in 
photoreceptivity and photosynthesis (Kaldenhoff et al., 1995; Werner et al., 2001; Martre 
et al., 2002; Moshelion et al., 2002; Lorenz et al., 2003; Uehlein et al., 2003). Because of 
their presumed role in water uptake much attention has been given to the function that PIP 
proteins likely perform in roots. Down regulation of Arabidopsis PIP1 proteins resulted in a 
fivefold increase of the root mass, presumably to compensate for the reduced root hydraulic 
permeability that was detected (Kaldenhoff et al., 1998). Also tobacco plants that displayed 
a similar decrease in PIP1 proteins were shown to have lower root hydraulic conductivities 
than control plants (Siefritz et al., 2002). A mutation in a PIP2 homologue from Arabidopsis 
that is abundantly expressed in roots revealed that this protein is involved in osmotic fluid 
transport (Javot et al., 2003). Further insight in the regulation of aquaporin function in root 
water uptake was recently provided by Tournaire-Roux et al. These authors showed that 
lowering the cytosolic pH, as occurs for example in root cells during anoxia, resulted in a 
marked decrease in aquaporin water permeability, and finally demonstrated that the amino 
acid involved in this response was conserved in all PIPs (Tournaire-Roux et al., 2003). This 
could therefore provide a way to decrease the water permeability of all PIPs present in a 
membrane and may be functional in other cellular responses as well. It should be noted that, 
although the phenotypes of the plants described above were clearly measurable, all plants 
developed and behaved as normal plants under non-stress conditions. 
Other plant aquaporins
A member of the TIP subfamily was the first to be recognized as a plant aquaporin by 
expression studies in Xenopus oocytes (Maurel et al., 1993). Aquaporins of the TIP 
subfamily are more diverged from each other than members of the PIP subfamily, forming 
five different classes based on sequence information. However, the localization of TIPs 
is restricted to the membranes of the various vacuolar compartments that exist in plant 
cells. The functions of vacuoles include control of cell volume and turgor, regulation of 
cytoplasmic ions and pH, storage of various compounds and removal of toxic substances 
(Marty, 1999). TIP aquaporins may have non-specific roles in these processes, for example 
in regulating membrane permeability, but the observation that in some cases specific classes 
of TIPs are associated with specific vacuolar compartments suggests that their roles may be 
more specific. For example, TIP1 aquaporins are markers for lytic vacuoles, while protein 
storage vacuoles contain aquaporins of the TIP2 class (Maurel et al., 2002). TIPs were 
shown in Xenopus oocytes to be active aquaporins. In addition, isolated vesicles composed 
of vacuolar membranes usually display high water permeability rates, in agreement with the 
high abundance of TIPs in these membranes (Maurel et al., 2002). The latter observation also 
indicated that the water permeability of a whole cell might be mainly determined by the water 
permeability of the plasma membrane, rather than by the permeability of the tonoplast. To 
date, there have been no reports of transgenic plants displaying a reduction in the expression 
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of one or more TIPs, making it difficult to determine their function in vivo. However, 
overexpression of a cauliflower TIP fused to a GFP in tobacco suspension cells resulted in 
an increase in cell size (Reisen et al., 2003), suggesting that TIP proteins may be involved in 
the regulation of cell size.
NIPs and the SIPs form the two smallest subfamilies of plant aquaporins. A few 
NIPs have been isolated through their role in specific processes like nodulation, but SIPs 
were only identified after analysis of the sequence of the Arabidopsis genome (Johanson and 
Gustavsson, 2002). Because of their recent discovery, at present not very much is known 
about the transport specificities and possible roles of the SIPs. Detailed analysis of the peptide 
sequence of SIP proteins has revealed that they differ from other plant MIPs on a number of 
key positions for transport selectivity (Johanson and Gustavsson, 2002). It may therefore be 
expected that these proteins are permeable to other substances than water or glycerol. 
NIPs have been studied in some more detail, and were found to form water and 
glycerol channels (Dean et al., 1999; Weig and Jakob, 2000). The first identified member 
of the NIPs, NOD26, was isolated from the peribacteroid membrane of root nodules and its 
expression was found to be correlated with the formation of infection threads (Fortin et al., 
1987). Expression in Xenopus oocytes has revealed that NOD26 behaves as a water channel 
with moderate efficiency, and subsequently it has been found that its activity is modulated by 
phosphorylation, which in turn is influenced by osmotic stresses (Guenther et al., 2003). 
In conclusion, plant aquaporins are ubiquitous channel proteins that mediate movement of 
water, glycerol and/or other molecules over plant cell membranes. Despite their abundance in 
many cell types tested, not much is known about their specific function or collective roles in 
cellular processes. Evidence for both specific and coordinated roles of MIP family members 
was recently demonstrated, by analysis of the mRNA levels of all aquaporins and other 
transporters in roots subjected to cation stress (Maathuis et al., 2003). The results showed 
that all aquaporins responded to most of the implied stress situations by modulating their 
mRNA levels. The observation that no two aquaporins responded identically indicates that 
they may have specific roles under specific conditions, whereas the observation that classes 
of aquaporins behaved similarly in some cases may point to a coordinated function of plant 
aquaporins subfamilies (Maathuis et al., 2003). However, more data are required to get 
insight in the coordinated function of a set of aquaporins in a certain cell type under certain 
environmental conditions.
Outline of the thesis
The events and processes that take place during reproduction include the occurrence of 
many cellular interactions, both between sporophytic cells of the anther and pistil during the 
development of these organs, and between the male gametophyte and the sporophytic cells 
of the pistil after pollination. These interactions determine, in part, successful fertilization 
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by compatible pollen grains and the inhibition of fertilization by self-incompatible or 
incongruous pollen grains. One of the recurrent processes during these interactions is the 
movement of water from one cell to another: either within a tissue, for example during the 
dehydration of anthers before dehiscence, or between cells of different tissues, for example 
during the hydration of pollen grains on the stigmatic cells. For plants with dry type stigmas 
it has been shown that at least two classes of proteins may be involved in this movement of 
water between cells during reproduction. The first are oleosin-like proteins of the pollen coat 
of Arabidopsis, which were found to be required for the rapid initiation of pollen hydration 
on the stigma (Mayfield and Preuss, 2000). The second class of proteins is the aquaporins, 
which were found to be expressed in anthers and pistils of plants with dry type stigmas, 
although a clear function based on phenotypes observed in transgenic plants for example was 
not established (Ruiter et al., 1997; Marin-Olivier et al., 2000; Dixit et al., 2001; Fukai et al., 
2001). However, very little is known about similar processes that occur in plants with wet 
type stigmas, and therefore we have used tobacco as a model system to analyze the putative 
roles of these classes of proteins in water movement during reproduction. In Chapter 1 
an overview is presented on some of the processes that occur during reproduction, and in 
addition an introduction is given on the aquaporin protein family. In Chapter 2, we show that 
oleosin-like gene products are not present on the surface of tobacco pollen, indicating that 
pollen hydration on a wet type stigma may require different molecules than pollen hydration 
on dry type stigmas. In Chapter 3, we describe the identification of aquaporin homologues 
of the PIP subfamily from tobacco anthers and stigmas, and the isolation of two full-length 
cDNAs. In addition we show that one of these cDNAs encodes an efficient water channel, 
and we determine the expression patterns of the PIPs on RNA and protein levels. In Chapter 
4 we analyze the spatial distribution of PIP1 and PIP2 RNA and PIP2 protein in the tobacco 
anther and stigma, and indicate that these aquaporins may be actively regulated to play a role 
in anther dehydration. Chapter 5 describes the analysis of plants impaired in the expression 
of PIP2 proteins. We are able to show that these plants reach anther dehiscence at a slightly 
later stage than control plants, presumably because the rate of water movement trough the 
anther is decreased by the absence of PIP2 proteins. In Chapter 6 we present a preliminary 
analysis of the expression of different aquaporin families in pollen tube growth. We also 
produced transgenic plants for two of the aquaporin families and analyzed pollen tube growth 
in vitro. Transmission of kanamycin resistance indicated that pollen without aquaporins are 
less competitive than wild type pollen. Finally, in Chapter 7, the work presented in this 
thesis is discussed.
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Abstract
Pollen-stigma interactions on wet- and dry-type stigmas involve similar processes: the 
hydration of the pollen, followed by pollen tube growth and penetration of the stigma. 
Furthermore, in some species, identical molecules, namely lipids, are used to achieve 
this. In addition to lipids, oleosin-like proteins of the pollen coat of dry-type stigma 
plants have been shown to be involved in pollen-stigma interactions. However, little 
information is present about the proteins on the surface of pollen of wet-type stigma 
plants, in particular that of the Solanaceae. To analyze proteins from the surface of 
pollen of Nicotiana tabacum (tobacco), a solanaceous plant, we used an antiserum raised 
against Brassica pollen coat, a dry-type stigma plant of the Brassicaceae. In addition 
we used a molecular approach to identify tobacco homologues of oleosin-like genes. 
Our results show that no proteins similar to Brassica oleracea pollen coat proteins are 
present on the surface of tobacco pollen, and that oleosin-like genes are not expressed 
in tobacco anthers or stigmas. 
Introduction
Stigmas of angiosperm flowers can be divided in two classes: wet stigmas, which are covered 
by a liquid exudate, and dry stigmas, which have a proteinaceous pellicle instead (Heslop-
Harrison and Shivanna, 1977). In tobacco, a species with wet stigmas, the lipidic exudate 
plays an important role in reproduction by providing an optimal environment for pollen tube 
growth into the stigma (Goldman, 1994). Furthermore, it has been shown that application of 
certain lipids to stigmaless, exudate-free pistils is sufficient to guarantee directional pollen 
tube growth, illustrating the importance of the lipids in the exudate (Wolters-Arts, 1998). 
In species with dry stigmas, like Arabidopsis and Brassica, lipids are equally important 
for correct pollen-stigma interactions; in these plants they are present in the pollen coat 
that surrounds individual pollen grains. Defects in the pollen coat result in pollen that 
cannot hydrate, or that can hydrate but not form a pollen tube (Preuss, 1993; Hulskamp, 
1995). These defects can be overcome by application of lipids on the stigma of these plants 
(Wolters-Arts, 1998). 
In addition to lipids, proteins also have a role in pollen-stigma interactions. Some 
proteins of the coat of dry-type stigma pollen have been identified (Schopfer, 1999; Mayfield, 
2001; Doughty, 1993), and amongst these oleosin-like proteins are the most abundant. 
Because these proteins are present in the pollen coat, and to distinguish them from other 
oleosin-like proteins, they were named “pollenins” (Murphy, 2001). Here, we will use 
pollenins to refer to the oleosin-like proteins of the pollen coat. The pollenin AtGRP17 
was shown to allow rapid hydration of pollen on the Arabidopsis stigma (Mayfield, 2000). 
Pollenins are expressed in the tapetum of the anther, where they are associated with lipid-
bodies that later form part of the pollen coat (Hernandez-Pinzon, 1999). The proteins consist 
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of two distinct domains: a hydrophobic N-terminal domain with homology to oleosins, and 
a hydrophilic C-terminal domain that is glycine-rich. Interestingly, analysis of the protein 
content of the coat of mature Brassica pollen showed that peptides corresponding to the C-
terminal portion of the pollenins were abundantly present, whereas peptides corresponding 
to the N-terminal oleosin-like domain were much less abundant (Murphy, 1998; Ross, 1996). 
This suggests that only the C-terminal part of the pollenin protein may be involved in pollen 
hydration, whereas the oleosin-like domain could be involved in targeting the protein to the 
pollen coat (Foster, 2002). 
 Because pollen-stigma interactions on both dry- and wet-type stigmas undergo 
similar steps and both require lipids, it may be expected that some similar proteins are 
involved in these processes as well. It is known that a number of proteins is present in the 
tobacco exudate, but these do not resemble the proteins of the pollen coat of dry-type stigmas 
(Kuboyama, 1997; Mayfield, 2001; Pezzotti, 2002). To search for similarities, we have 
therefore compared tobacco pollen coat proteins with pollen coat proteins of dry-type stigma 
plants, using a biochemical and a molecular approach. For the former, we isolated proteins 
from the surface of tobacco pollen and analyzed them with an antiserum raised against an 
extract of the pollen coat of Brassica. For the latter, we used molecular techniques to identify 
tobacco homologues of pollenins. 
Results and Discussion
To study whether pollen coats of dry- and wet-type stigma plants contain similar proteins, we 
washed tobacco pollen with cyclohexane and recovered the proteins (Doughty, 1993). In an 
attempt to isolate proteins that can interact with lipids, we also washed batches of pollen with 
trilinolein, which can functionally replace the lipids of the exudate (Wolters-Arts, 1998; see 
materials and methods). Figure 1a shows that proteins from tobacco pollen could be isolated 
using both cyclohexane and lipid extractions, and that proteins of the same size were present 
in the three samples, although more proteins were released by lipid extraction. Comparison 
of the banding pattern of tobacco pollen coat proteins with Brassica (Ruiter, 1997) initially 
did not reveal clear similarities (data not shown). To further investigate whether proteins of 
tobacco and Brassica coats share similar domains, we performed western blot analysis on 
tobacco pollen coat proteins with an antiserum raised against extracts of the Brassica pollen 
coat. The results of the western blot analysis of tobacco pollen coat proteins showed that, 
in the three samples, proteins of 45-90 kD cross-reacted with the Brassica-serum (Fig. 1b). 
However, when the tobacco pollen coat proteins were deglycosylated, no cross-reaction with 
this antiserum occurred (Fig. 1c), but coomassie staining revealed the presence of proteins 
after deglycosylation (data not shown). The same antiserum was previously successfully 
used to screen an anther expression library for pollen coat protein encoding cDNAs (Ruiter, 
1997). This implies that it can cross-react with the backbones of non-glycosylated proteins, 
as produced by E. coli. Therefore, our results indicate that with this Brassica-serum we 
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cannot detect proteins of tobacco pollen coats that share similarities at the level of peptide 
sequence with Brassica pollen coat proteins.
 Pollenin proteins consist of a hydrophobic, oleosin-like N-terminal domain and 
a hydrophilic C-terminal domain. It was shown that C-termini of pollenins exhibit strong 
divergence, even between Arabidopsis ecotypes (Mayfield, 2001), whereas the N-terminal 
domain is much more conserved. However, according to Ross and Murphy (1996; see also 
Murphy and Ross 1998) only the C-terminal part is abundantly present in the Brassica 
pollen coat. Therefore, taking into account that the antiserum we used would contain mostly 
antibodies against C-termini of Brassica pollenins, it is likely that it would not recognize 
tobacco pollenin homologues, even if they were present on the surface of tobacco pollen. 
We therefore decided to use a molecular approach to directly identify tobacco pollenin 
homologues. To this end Southern blot analyses were performed using the DNA sequences 
coding for the conserved N-terminal and the C-terminal domains of pollenins as probes 
(see materials and methods). As expected, the Brassica C-terminal peptide encoding probe 
that we used only recognized sequences in the Brassica genome (Fig. 2a), thus confirming 
the divergence of pollenins C-termini. However, figure 2b shows that several hybridizing 
sequences were present in the genomes of Arabidopsis, Brassica and tobacco when we used 
the more conserved Arabidopsis N-terminal domain encoding sequence as a probe. As this 
domain is conserved also in oleosins, our results indicate that oleosin-like sequences are 
present in the tobacco genome. We assumed that, if these sequences correspond to tobacco 
pollenin homologues, they would be expressed during anther development. To investigate 
this, we isolated mRNA from tobacco anthers and stigmas for a northern blot analysis with 
Fig. 1 A-C: Analysis of tobacco pollen coat proteins. A SDS-PAGE analysis of 
tobacco pollen coat proteins isolated using trilinolein (L), cyclohexane (C), or both 
(L/C, see materials and methods). B Western blot analysis of tobacco pollen coat 
proteins isolated as in A, using an antibody raised against Brassica pollen coat. C 
Western blot analysis of glycosylated (G) and deglycosylated (-G) tobacco pollen 
coat proteins. Equal amounts of proteins were loaded in all the lanes.
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Fig. 2 A-C: DNA and RNA blot analyses of putative tobacco pollenin genes. A Southern 
analysis of 10 µg genomic DNA of Arabidopsis, Brassica and tobacco digested with BamHI 
(B), EcoRI (E) or HindIII (H), using the C-terminal pollenin encoding domain of the Brassica 
pollenin BOPC3as probe. B Southern blot as in A, using the conserved N-terminal pollenin 
encoding domain of the Arabidopsis pollenin AtGRP7 as probe. C Northern analysis using 
same probe as in B. The lane labeled Arabidopsis anther contains 10 µg total RNA, all other 
lanes contain 1 µg polyA+ RNA of tobacco anther and stigma at different stage intervals.
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the same Arabidopsis probe. We included tobacco stigma mRNA in our analysis because 
oleosin-like proteins are usually associated with lipids, and in wet-type stigma plants the 
stigma is the site of lipid accumulation. The results of this northern blot, presented in figure 
2c, indicated that although a hybridization signal could be observed in the lane containing 
Arabidopsis flower bud RNA, no pollenin-like mRNAs accumulated in tobacco anther or 
stigma. 
 Together, we have shown that a serum raised against the Brassica pollen coat does 
not cross-react with proteins of the tobacco pollen coat. At least some of the Brassica pollen 
coat proteins were indicated to be involved in pollen adhesion, hydration and SI response 
(Luu, 1999; Schopfer, 1999; Doughty, 1993). From this we can conclude that these processes 
in tobacco either do not occur, or that another set of proteins is involved therein. As the 
Solanaceae do not posses pollen adhesion or SI-mechanisms comparable to the Brassicaceae, 
it is likely that proteins functioning in these processes are not present on the surface of 
tobacco pollen, but in both families, pollen hydrate in a similar manner (Wolters-Arts, 1998). 
It has been suggested that wet-type stigmas are more permissive, with respect to hydration 
of foreign pollen and even of pathogenic spores, than dry-type stigmas (Dickinson, 1995). 
One hypothesis is that the abundant pollenins of the Brassica and Arabidopsis pollen coat 
may represent a class of proteins that coevolved with the acquisition of a more restrictive 
hydration mechanism. Tobacco, by contrast, may use other proteins or even other molecules 
to regulate hydration.
Materials and Methods
Plant material
Tobacco (Nicotiana tabacum SR1), Brassica napus and Arabidopsis thaliana Colombia plants were 
grown in the greenhouse. Tobacco flower stages were determined according to Goldberg (1988).
Protein isolation and western blotting
Brassica and tobacco pollen coat proteins were extracted with cyclohexane from 300 mg pollen as 
described by Doughty et al. (1993). In addition, tobacco pollen coat proteins were extracted with lipids 
from fresh pollen or from pollen that were previously washed with cyclohexane as follows: 300 mg 
pollen was incubated overnight in 600 µl trilinolein; following separation of the lipids from the pollen 
by centrifugation, the proteins in the lipids were precipitated by addition of 5 volumes cold acetone 
and the protein pellet was taken up in water by sonication. Pollen coat proteins were deglycosylated for 
3h on ice using trifluoromethanesulphonic acid (TMFS) as described by Edge et al (Edge, 1981), and 
precipitated by addition of 5 volumes cold acetone to the sample. Pollen coat proteins were separated 
by 12% SDS-PAGE and stained with Coomassie Brilliant Blue R250 or blotted onto a nitrocellulose 
membrane by electroblotting in 39 mM glycine, 48 mM Tris base, 0.037% (w/v) SDS, 20% (v/v) 
methanol, pH 8.3. The membranes were blocked overnight in blocking buffer (5% non-fat dried milk in 
PBT) and incubated with an antiserum raised against the total pollen coat proteins of Brassica oleracea 
(1:500 in blocking buffer; Ruiter et al. 1997). After incubation with the primary antibody, membranes 
were rinsed and incubated with alkaline-phosphatase conjugated goat anti-rabbit antibody (Pierce; 1:
20000 in blocking buffer) for one hour. The membranes were developed with 0.33 mg/ml nitro blue 
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). After transfer, the presence 
of proteins was determined by staining the membranes with Ponceau Red (0.5% Ponceau Red; 1% 
Acetic Acid).
Nucleic acid analysis
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Abstract
In plant reproduction, hydration of the pollen is one of the first events in pollen-
stigma interactions. Although pollen hydration is a crucial step for pollen tube growth 
and fertilization, little is known about this process. As the water required for pollen 
hydration flows from the stigmatic cells both in Solanaceae and Brassicaceae, we have 
investigated if proteins that can mediate fast movement of water over membranes are 
expressed in reproductive organs of Nicotiana tabacum at the time of pollen-stigma 
interactions. Here, we report the cloning of two novel tobacco aquaporins, NtPIP1;1 and 
NtPIP2;1. Expression studies on RNA and protein levels showed that these genes are 
expressed in reproductive organs at the time of pollen-stigma interactions. Expression 
of the aquaporins in Xenopus laevis oocytes showed that NtPIP2;1 is a more efficient 
aquaporin than NtPIP1;1. Our results show that many aquaporins are expressed in the 
flower reproductive organs in tobacco, suggesting that controlled water flow is essential 
for reproduction.
Introduction
In lower plants, successful fertilization is dependent on the presence of free water. In 
angiosperm plants, by contrast, free water is no longer necessary to complete fertilization, 
but the movement of water still plays an important role in a number of processes that must be 
completed for fertilization to occur. During anther development, for example, programmed 
dehydration of the anther occurs prior to dehiscence and shedding of the pollen (Keijzer, 
1987; Ruiter et al., 1997). Another example of the importance of water movement is the 
dehydration of pollen. When pollen grains have completed their developmental program, they 
dehydrate whilst still in the anther. During the dehydration phase, pollen loose up to 80% of 
their water content, while at the same time a dormancy-like state is acquired. It was recently 
shown that alterations in dehydration and dormancy cause pollen to germinate within the 
anther in the infertile Arabidopsis mutant Raring-To-Go (Johnson and McCormick, 2001), 
stressing the importance of correct dehydration.
The first step in pollen-stigma interactions is the deposition of the dehydrated 
pollen grain upon a receptive stigma, followed by hydration of the pollen (Dickinson, 1995). 
Although pollen hydration is a crucial step in fertilization, little is known about the type of 
molecules required for this mechanism to occur. In Arabidopsis and tobacco lipids have been 
shown to be involved in hydration (Preuss et al., 1993; Wolters-Arts et al., 1998; Wolters 
Arts et al., 2002). Two proteins are known to function in pollen hydration: LAT52, of tomato 
(Muschietti et al., 1994), and GRP17 of Arabidopsis. Pollen with a mutated GRP17 gene, 
partially homologous to oleosin, hydrate more slowly than wild-type pollen (Mayfield and 
Preuss, 2000). After hydration of the pollen grain a tube is formed that transports the sperm 
cells to the ovary. The pollen tube is a fast growing cellular extension, and it is likely that the 
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increase in cellular volume is accompanied by the movement of water into the pollen tube.
The observation that on the pistil pollen hydrate when they are in contact with the 
stigma (Wolters-Arts et al., 1998), indicates that hydration occurs through an influx of water 
from this tissue to the pollen, and that water must pass the plasma membrane of the stigmatic 
cells. Although water diffuses over a biological membrane, a family of membrane proteins 
is known to allow rapid and controlled diffusion. These proteins are called aquaporins and 
are water channel proteins that belong to the super-family of Major Intrinsic Proteins (MIPs). 
MIP family members are strongly conserved, indicating that their function is essential for 
plants, and therefore they have been maintained throughout evolution. Key features are six 
transmembrane domains, the conserved NPA-motif that is present twice in virtually all MIPs, 
and the conserved AEF-motif. In addition to enabling water transport, some MIPs also allow 
the passage of small neutral solutes, and some are specific for small neutral solutes only 
(Engel et al., 2000). 
Proteins belonging to the MIP-superfamily are present in all kingdoms. In humans, 
10 aquaporins are known, but plants have a much higher number of genes: 35 in Arabidopsis 
and at least 31 in Maize (Chaumont et al., 2001; Quigley et al., 2002). On the basis of sequence 
similarities and gene structure, plant aquaporins can be divided in 4 subfamilies, of which 
the plasma membrane intrinsic proteins (PIP) and the tonoplast intrinsic proteins (TIP) have 
been analyzed in greatest detail. Generally, TIPs are present in the vacuolar membrane, while 
most PIPs are thought to reside in the plasma membrane (Maurel et al., 2002). Expression of 
plant aquaporins in Xenopus laevis oocytes to analyze their transport capabilities has shown 
that both PIP and TIP families of aquaporins can mediate the movement of water over a 
membrane. However, an increasing number of observations indicate that one of the two 
subfamilies of the PIPs, the PIP1 subfamily, mediates water transport at a much lower level 
than the PIP2 subfamily (Chaumont et al., 2000; Maurel et al., 2002). It is unknown whether 
this difference has a functional basis in the plant, or if it is an artifact caused by the use of 
the oocyte system.
As pollen release and hydration involve movement of water, it may be expected that 
aquaporins function in anther and stigma to facilitate this process. Indeed it was previously 
shown that aquaporins are expressed in the dry-type stigma of Brassica (Marin-Olivier et 
al., 2000; Dixit et al., 2001). To obtain more information about the possible role of PIPs in 
pollen hydration and pollen-stigma interactions on the wet-type stigma of tobacco, we have 
isolated two PIP genes, belonging to the PIP1 and PIP2 families, respectively, and analyzed 
their expression and in vitro function. Based on our results, we conclude that these PIPs may 
perform a role in water movement during reproduction.
Results
mRNA of PIP-aquaporin genes is present in anthers and stigmas
To obtain aquaporin cDNAs of mRNAs that accumulate during tobacco pollen and stigma 
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development and that might play a role in pollen-stigma interactions, we performed reverse 
transcription polymerase chain reactions (RT-PCR) using total RNA of developing and 
mature stigmas and anthers of tobacco as template. In order to amplify sequences of both 
PIP1 and PIP2 aquaporin cDNAs, we used primers corresponding to two regions of the 
tobacco NtAQP1 gene that are conserved in all aquaporin genes (Biela et al., 1999) (fig. 
1, see Materials and Methods). All RT-PCR reactions resulted in amplified DNA fragments 
of the expected size of 430 bp. The RT-PCR products were cloned, and we determined the 
nucleotide sequence of one individual clone from each reaction. The results of the database 
searches are summarized in table I and show that seven fragments were different from each 
other and shared significant homology with aquaporin genes from either the PIP1 or the PIP2 
family. One fragment was isolated twice (Aqp 3.1 and Aqp 6.1). To confirm that these clones 
corresponded to aquaporin transcripts that accumulated in stigma and anther, we performed 
a preliminary northern blot analysis using three out of eight fragments as probes. Aqp 1.1 
hybridized to RNA in all the lanes, Aqp 4.1 hybridized to stigma RNA from flower stages 
6 to 12, and Aqp 8.1 hybridized to anther and stigma RNA from all flower stages (data not 
shown). 
A two-step RACE-PCR was used to obtain full-length cDNAs of fragments Aqp 
4.1 and Aqp 8.1 (see Materials and Methods). The resulting clones were named NtPIP1;1, 
corresponding to Aqp 4.1, and NtPIP2;1, corresponding to Aqp 8.1, respectively (fig 1a). The 
NtPIP1;1 cDNA contained an open reading frame encoding a protein of 286 amino acids, 
97% homologous to a PIP1 family member from Nicotiana excelsior.  The NtPIP2;1 cDNA 
encoded a protein of 284 amino acids, that shared 92% homology with ScPIP2a, a PIP2 
family member from Solanum chacoense (O’ Brien et al., 2002).  The amino acid sequences 
of both NtPIP1;1 and NtPIP2;1 contain six putative transmembrane regions, with the N- 
and C-termini predicted to reside in the cytoplasm. In addition, the NPA- and AEF-motifs 
conserved in virtually all aquaporins were also present in NtPIP1;1 and NtPIP2;1. Together, 
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these results indicate that we have identified two cDNAs that are likely to encode aquaporin 
proteins and that accumulate in the mature tobacco anther and stigma.
Multiple aquaporins are expressed in the tobacco anther
To get a more general insight in the expression of aquaporins in tobacco anthers and stigmas, 
we isolated additional aquaporin cDNAs using the novel technique of Family Transcript 
Profiling (FTP). Briefly, this AFLP-based technique requires a single degenerate primer 
complementary to a domain specific for a given gene-family, in combination with an oligo-
dT primer. The amplified fragments are then digested, ligated to adaptors and amplified 
with adaptor-specific primers. Unlike RT-PCR, where cDNAs of different members of a 
gene-family are amplified in DNA fragments of identical length, FTP allows the visual 
identification of individual members of a gene-family expressed in a certain organ. We used 
cDNA from anther, stigma and roots in our experiments, in combination with an aquaporin 
primer directed at the first NPA-motif. Table 2 shows that we isolated cDNAs homologous to 
Fig. 1:  cDNA and deduced amino-acid sequences of the full-length clones NtPIP1;1 and NtPIP2;1. The translation 
start codon is shown in bold, and the conserved NPA- and AEF-motifs are shown in bold and italic. The regions 
corresponding to the binding sites of primers AQP3 and AQP4 are underlined. 
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different aquaporin families from these organs. Northern blot experiments using the isolated 
fragments as probes indicated that the NIP homologous fragment hybridized specifically to 
an RNA sample isolated from anther stages 1 to 12, whereas the other probes hybridized to 
RNA from various organs (data not shown).
Expression patterns of NtPIP1;1 and NtPIP2;1
Because our preliminary RNA blots were hybridized with conserved aquaporin sequences, 
we most likely detected other members of the aquaporin family. To study the specific 
expression of NtPIP1;1 and NtPIP2;1 we searched for regions in the full-length clones 
sharing lowest homology to their closest family members and used these regions as probes. 
Sequence alignments revealed that the 3’ UTRs were most suited for our purposes. For 
instance, the 3’ UTR of NtPIP1;1 was only 60% homologous to the 3’ UTR of its closest 
relative, as compared to 95% for the coding region. 
Figure 2a shows that the NtPIP1;1 probe hybridized to RNA from anthers and 
pistils, and more strongly  to RNA from roots. The NtPIP2;1 probe hybridized to pistil and 
stem RNA and to a lower level to anther and leaf RNA. No hybridization was detected to 
seed, pollen and pollen tube RNA with the same probes. 
To determine whether NtPIP1;1 and NtPIP2;1 RNAs in pollen and pollen tubes 
were present below the detection limit of our northern blot, we performed RT-PCR with 
pollen and pollen tube RNA in combination with NtPIP1;1 and NtPIP2;1 3’ UTR specific 
primers. The results showed that fragments of the expected size were amplified from RNA 
of both samples (fig. 2b), indicating that both NtPIP1;1 and NtPIP2;1 RNAs accumulate in 
pollen and pollen tubes, albeit at a low levels. 
 We used northern blots to determine the accumulation patterns of NtPIP1;1 and 
NtPIP2;1 during stigma and anther development. Figure 2c shows that the 3’ UTR probe of 
NtPIP1;1 hybridized at a low level to anther RNA of flowers at all stages. In stigma, RNA 
was detected at flower stage 6 to 10, and increased strongly at stages 10 to 12. The NtPIP2;1 
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probe hybridized at high level to RNA of anthers at stages 1 to 6 and 10 to 12. Interestingly, 
at flower stages 7 to 9 the hybridization level was considerably lower. No signal was obtained 
with RNA of stigmas at stages 6 to 12, contrary to the previous results obtained using 
fragment Aqp 8.1 as probe. This is indicative for the specificity of our 3’ UTR probe.
Fig. 2: Accumulation of NtPIP1;1 and NtPIP2;1 RNA.  A: Northern blot containing 10 μg RNA of 
various tissues probed with an NtPIP1;1 or NtPIP2;1 3’ UTR probes. A: anther, L: leaf, Pi: pistil, Po: 
pollen, Pt: pollen tube, R: root, Sd: seed, St: stem. B: Detection of NtPIP1;1 and NtPIP2;1 in pollen 
and pollen tube RNA by RT-PCR. 1;1 and 2;1 indicate the primer pairs used (see M&M), negative 
controls (N) were prepared by incubating the RT mixture with RNase. C: Northern blot containing 
10 μg RNA of developing anthers and stigmas, probed with a 3’ UTR probe of NtPIP1;1 or NtPIP2;1. 
Numbers indicate tobacco floral developmental stages (according to Goldberg, 1988).
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PIP proteins are present in anthers and stigmas
We have shown that mRNA of the PIP-homologues NtPIP1;1 and NtPIP2;1 accumulated 
in tobacco reproductive organs. To investigate whether PIP proteins are present in these 
organs, we isolated microsomal protein fractions of anthers and stigmas and analyzed these 
by western blotting. Figure 3a shows the result of a western blot analysis using an antibody 
raised against the N-terminal peptide of NtAQP1, a tobacco aquaporin highly homologous 
to NtPIP1;1 (Biela et al., 1999). The identity between the NtAQP1 and NtPIP1;1 N-termini 
is 90%, and therefore we expected a cross-reaction between this antibody and NtPIP1;1. The 
results of this western blot analysis showed that in the microsomal fraction of stigmas from 
stages 6 to 9 no protein could be detected, whereas in the microsomal fraction of stigmas 
from stages 10 to 12 a single protein was detected of approximately 34 kDa. This protein 
accumulation pattern is in agreement with the mRNA accumulation pattern of NtPIP1;1 in 
stigmas. Furthermore, in microsomal fractions of developing anthers a protein was detected 
of the same size; the accumulation level of this protein declined during anther development. 
 For the analysis of NtPIP2;1 protein accumulation during anther and stigma 
development we raised an antibody in rabbits against an N-terminal peptide encoded by the 
cDNA of NtPIP2;1, and used this antibody for a western blot containing microsomal protein 
fractions of developing anthers and stigmas. No proteins were detected in stigma, but in 
anther fractions two proteins with different molecular weights were detected (figure 3b). 
The protein with the higher weight was detected throughout anther development, but was 
most strongly expressed during the first 7 stages. The other protein was detected from stage 
7 on, and levels increased in anthers of later stages. These results may indicate that two PIP2 
homologues are expressed during anther development.
NtPIP1;1 and NtPIP2;1 encode active water channel proteins
The functioning of aquaporins as water channels can be measured in a Xenopus oocyte 
bioassay (Maurel et al., 1993). As Xenopus oocytes have a low intrinsic water permeability, 
the presence of an artificially introduced water channel protein will lead to an increase in 
water permeability that can be measured by the increase of oocyte volume after transfer to 
a hypo-osmotic medium. To test the water transport activity of NtPIP1;1 and NtPIP2;1, we 
transcribed capped sense cRNA from the full-length cDNA clones of both genes and injected 
equal amounts of cRNA in Xenopus oocytes. After a three-day incubation to allow cRNA 
translation and targeting of the encoded proteins to the oocyte membrane, the oocytes were 
transferred to a hypo-osmotic medium and the increase in area was measured in time and 
used to calculate the increase in volume (fig 4). This change in volume was used to calculate 
the relative water permeability of the oocytes (P
f
). Control oocytes that were injected with 
water showed a P
f
 of 17±13 cm*sec-1*10-4. The P
f
 of oocytes injected with NtPIP1;1 cRNA 
was slightly above control values (27±6 cm*sec-1*10-4), but not significantly different, 
whereas the P
f
 of oocytes injected with NtPIP2;1 cRNA was 8-fold higher than control: 
137±50 cm*sec-1*10-4. These data show that NtPIP2;1 functions very efficiently as a water 
channel when expressed in oocytes, and that NtPIP1;1 is less efficient. 
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Discussion
The movement of water from the stigma to the pollen is of crucial importance for successful 
fertilization in all higher plants (Taylor and Hepler, 1997). Aquaporins are membrane proteins 
that mediate the movement of water over a cellular membrane. It was previously shown that 
two functional aquaporins are expressed in the stigma of Brassica, a species with a dry-
type stigma (Marin-Olivier et al., 2000; Dixit et al., 2001). These are distinct but are both 
members of the PIP1 subfamily, and show a low water transport rate. To get more insight in 
the regulation of water movement from the stigma to the pollen in species with a wet-type 
stigma such as tobacco, we have tried to identify aquaporins expressed in these tissues at the 
time of pollen-stigma interactions. Here, we report on two members of the PIP-family of 
aquaporins, NtPIP1;1 and NtPIP2;1, expressed in reproductive flower organs. 
Using RT-PCR to isolate aquaporin cDNAs from tobacco reproductive organs we 
obtained seven different fragments, out of eight, that share homology with aquaporins of 
both PIP families. In addition, we isolated 8 members of various aquaporin subfamilies using 
the novel technique FTP. This high number indicates the presence of a large aquaporin gene 
family in tobacco, as it was found in Arabidopsis (Quigley et al., 2002). There are at least three 
possible reasons for the presence in the genome of such a large aquaporin gene family: (1) 
overlap in function may guarantee an optimal cellular water balance in plants, (2) the proteins 
are functionally different with respect to regulation, specificity or rate of permeability, or 
Fig. 3: Analysis of PIP protein expression during anther and stigma development. 
A: PIP1 proteins detected on western blot by NtAQP1 antibody. B: PIP2 proteins 
detected on western blot by NtPIP2;1 antibody. Numbers indicate tobacco floral 
developmental stages (according to Goldberg, 1988).
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(3) the proteins have identical functions but are differently expressed. In the latter case, 
the regulation of expression of functionally identical aquaporins could be integrated in the 
changing expression patterns that accompany specific developmental stages. 
Evidence that overlap in function covers a defect in expression of one particular PIP 
family member was provided by Kaldenhoff et al. and Siefritz et al.. These authors inhibited 
the expression of specific members of the aquaporin family in Arabidopsis and tobacco 
using an anti-sense approach. In both cases, although aquaporin expression was reduced 
in transgenic plants, these did not show a severe phenotype related to water transport, and 
no aberrancies in reproduction were reported (Kaldenhoff et al., 1998; Siefritz et al., 2002). 
Pollen hydration is a key point in plant reproduction, and therefore it is not unconceivable 
that in the stigma many different aquaporins are expressed and functional.
Related aquaporin proteins, however, may have functional differences. This is 
suggested by the higher water permeability of oocytes expressing NtPIP2;1 versus that of 
oocytes expressing NtPIP1;1 (fig. 4). We did not analyze the level of NtPIP1;1 and NtPIP2;1 
proteins in the oocyte plasma membrane, and therefore we cannot exclude that inefficient 
translation of NtPIP1;1 mRNA is the major cause for the difference in water permeability in 
this system. However, other researchers have found similar results for PIP1 and PIP2 proteins 
(Chaumont et al., 2000) indicating that the low water permeability of PIP1 proteins expressed 
in oocytes is inherent to most PIP1 family members. This is also in accordance with the low 
water permeability of PIP1 family members expressed in Brassica stigmas (Marin-Olivier et 
al., 2000; Dixit et al., 2001). 
Expression of NtPIP1;1 at the RNA and protein levels strongly increases during the 
last stages of stigma development, just before pollination. This may indicate a developmental 
program that prepares the stigma for pollination. It has been shown that only if small amounts 
of water are provided, the pollen tube will grow directionally, towards the water source 
(Wolters-Arts et al., 1998). The presence of low and not high capacity water channels in the 
Fig. 4: Functional assay in Xenopus oocytes. A: Increase in relative oocyte volume 
after transfer to hypo-osmotic medium. B: Pf-values of oocytes injected with water 
(control) or NtPIP1;1 or  NtPIP2;1 cRNA.
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stigma may therefore be a requirement for efficient pollen hydration and pollen tube growth 
into the stigma. 
The changes in NtPIP2;1 expression at the RNA and protein levels during anther 
development may reflect changes in aquaporin accumulation in different cell types and at 
different times. Changes in function of the cell types in anthers during development could 
even require the expression of more than a single PIP2 homologue, as is suggested by the 
results shown in figure 3b. During the last stages of anther development the pollen dehydrate 
to acquire the dormancy-like state of mature pollen, and concurrently the whole anther 
dehydrates to allow dehiscence and the spread of pollen. In Brassica, it has been shown 
that dehydration of the anther leads to increased accumulation of mRNA of the aquaporin 
MIPA, while the accumulation of MIPB mRNA remained unchanged (Ruiter et al., 1997). 
Our results show that dehydration of the tobacco anther during the dehiscence program 
is accompanied by the accumulation of PIP2 aquaporins, indicating that in tobacco and 
Brassica aquaporins of different PIP subfamilies may perform identical functions. As anthers 
enlarge until approximately stage 6, and start dehydrating around stage 8, the results suggest 
that the 36 kDa PIP2 homologue may have a dual function: in cell elongation that takes place 
between anther stages 2 and 5, and in anther dehydration shortly before dehiscence. The 33 
kDa PIP2 homologue, by contrast, may only function in dehydration of the anther before 
dehiscence. Together these data may indicate that PIP2 isoforms are variably expressed in 
different genetic programs. 
 Taken together, we have indications that the aquaporins analyzed here are both 
expressed differently, and are functionally different. These results suggest that plants have 
built up a large collection of aquaporins to maintain a favorable water balance in most water 
conditions possible. It is possible, for example, that NtPIP1;1 could be involved in water 
movement from the stigma, while both NtPIP1;1 and NtPIP2;1 may function in the pollen 
to facilitate the influx of stigmatic water. By contrast, mainly PIP2 aquaporins seem to be 
involved in anther and pollen dehydration. Furthermore, our data support the idea that pollen 
hydration uses common mechanisms in both wet- and dry-type stigmas (Wolters-Arts et 
al., 1998), and that aquaporins have been maintained throughout the evolution of diverging 
pollination systems to guarantee water transport to the pollen. 
We cannot, however, assign specific functions in pollen-stigma interactions to 
either NtPIP1;1 or NtPIP2;1, nor can we exclude that other PIPs, or other proteins than 
aquaporins, play an important role in the hydration of pollen. The analysis of plants that are 
impaired in PIP expression, in combination with localization studies of both PIP families in 
reproductive tissues, will contribute to the understanding of the process of pollen hydration 
and germination in greater detail. 
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Material and Methods
Plant material
Tobacco (Nicotiana tabacum cv. Petit Havana SR1) plants were grown under standard greenhouse 
conditions. Flower stages were determined according to Goldberg (1988). In the RT-PCR procedure 
to isolate aquaporin cDNAs, we labeled flower parts of stages 1 to 9 as immature, and flower parts of 
stages 10 to 12 as mature.
Nucleic acid isolation
Total RNA was isolated by grinding the tissue in 1 ml extraction buffer (0.1 M Tris, 50 mM EDTA, 
1% (w/v) SDS, 0.1 M NaCl, 1% tri-iso-propanylnaphtalene sulfonic acid sodium salt, 50 mM β-
mercaptoethanol, pH 8.0) and 1 ml phenol. After phenol:chloroform extraction and ethanol precipitation, 
RNA was obtained from the ethanol-precipitated pellet by LiCl precipitation. The integrity of the RNA 
was assayed by denaturing agarose gel electrophoresis.
Plasmid DNA was obtained using standard alkaline-lysis methods.
Isolation of aquaporin cDNAs
For the first isolation of aquaporin cDNAs from anther and stigma RNA, RT-PCR reactions were 
performed with the Access RT-PCR kit (Promega), according to the manufacturers protocol. The 
primers that were used in the reactions were NtAQP3: 5’ TGC TTG GGC TTT TGG TGG TAT GAT 
3’ and NtAQP4: 5’ AAG ACT CCT AGC GGG GTT GAT GC 3’ (Biela et al., 1999). For the reactions, 
RNA from stigmas and anthers of stages 1-3, 4-6, 7-9 and 10-12 was pooled. In the RT-PCR, 200 ng 
RNA was reverse transcribed at 48°C for 45 minutes, followed by 40 PCR cycles (30” 94°C , 1’ 60°C 
and 1’ 68°C).The DNA-products resulting from the RT-PCR were cloned using the pGEM-T Easy kit 
(Promega), according to the manufacturers protocol. 
5’ and 3’ RACE and isolation of full-length cDNAs
To obtain the 5’ and 3’ ends of our aquaporin cDNAs, rapid amplification of cDNA ends (RACE-PCR) 
was performed using the SMART RACE cDNA Amplification Kit (Clontech Laboratories, Inc). cDNA 
was made from 1 µg of polyA+ RNA according to the manufacturers protocol. 5’ and 3’ cDNAs were 
then amplified by PCR (30 cycles 30” 94°C, 3’ 64°C, 3’ 72°C for the AQP RACE 5 primer or 10 cycles 
30” 94°C, 3’ 70°C, 3’ 72°C followed by 20 cycles 30” 94°C, 3’ 68°C, 3’ 72°C for the other primers). 
The primers used in addition to the adapter-specific primers were AQP RACE 5: 5’ TAA TGC AAT 
GCC TTG GTG CTA TTT GTG GTG C 3’ and AQP RACE 6: 5’ ACA CAG CAA ATC CAA TAG 
GAA GAG GT 3’for clone Aqp 4.1 and AQP RACE 7: 5’ TTG CCC AAT CTT TAG GTG CAA TTT 
GTG GTG T 3’ and AQP RACE 8: 5’ ACA CAG CAA ATC CAA TTG GCA GTG GG 3’ for clone 
8.1.
 To generate the full-length clones of NtPIP1;1 and NtPIP2;1 cDNA was made from 1 μg total 
RNA with an oligo(dT
15
) primer and M-MLV reverse transcriptase (Promega). This cDNA was used as 
a template in a PCR with Pfu Turbo polymerase (Stratagene) with the following cycle: cycles 30” 94°C, 
30” 65°C, 3’ 68°C. The primers used were: NtPIP1-1: 5’ GCA TAG ATC TGT GTG TGA AAA AAA 
TGG CAG AAA AC 3’ and NtPIP1-2: 5’ TAC CAC TAG TAA AAG GCA AAT GGC AGG AGA A 3’ 
with stigma cDNA as template for NtPIP1;1 and NtPIP2-1: 5’ GCA TAG ATC TGA AAG AAA CAA 
TGT CAA AGG ACG TG 3’ and NtPIP2-2: 5’ TAC CAC TAG TGG ACA GAT GAA TGC AAT TCT 
TTT TC 3’ with anther cDNA as template for NtPIP2;1. The PCR products were cloned in pGEM-T 
Easy. The nucleotide sequences of NtPIP1;1 and NtPIP2;1 were determined and submitted to GenBank 
(accession numbers AF440271 and AF440272, respectively).
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Family Transcript Profiling 
For the isolation of novel aquaporin family members using FTP, cDNA was prepared from RNA 
of anther, stigma and root tissue. Aquaporin-like sequences were amplified from the cDNA 
pools using the gene specific primer (FSD1: 5’ TGTACTGCTGGTATTTCTGGAGGACATAT
TAAYCCNGC 3’;) and an oligo(dT) primer. The resulting DNA fragments were then digested 
with MseI, TaqI or MboI, ligated to adaptors and subsequently amplified with adapter specific 
primers (Mse-F: 5’ GACGATGAGTCCTGAG 3’; Mse-R: 5’ TACTCAGGACTCAT 3’; Taq-F 5’ 
GACGATGAGTCCTGAC 3’; Taq-R 5’ CGGTCAGGACTCAT 3’; Mbo-F: 5’ ACTCGATTCTCAAC
CCGAAAGTATAGATCCCA 3’; Mbo-R 5’ GATCTGGGATCT
ATACTTTCGGGTTGAGAATC 3’) and the 5’ end-labeled FSD primer. The resulting products were 
separated on a 4.5% polyacrylamide gel and the gel was exposed to Kodak X-omat AR Scientific 
Imaging Films to identify the aquaporin fragments, which were then isolated from the gel, cloned and 
sequenced according to standard methods.
Nucleotide sequence analysis
Sequence reactions were prepared with the Beckmann Quick Start kit according to the manufacturer’s 
protocol. Reaction products were sequenced on a Beckmann CEQ 2000 automated sequencer and 
interpreted using Beckmann software. Nucleotide sequences were analyzed using Blastx (Altschul et 
al., 1997) and the Vector NTI 6.0 program (Informax).
Northern blot analysis
10 µg of RNA was separated on 1.3% (w/v) agarose gels containing 0.5% (w/v) formaldehyde in MOPS 
buffer. The RNA was transferred to a nylon membrane (Nitran supercharge) by capillary transfer in 10x 
SSC. After transfer, the RNA was fixed on the membrane by baking at 80°C for two hours. For DNA 
probes, 25 ng DNA was 32P-labeled using random primed labeling (Feinberg and Vogelstein, 1983). 
RNA probes were transcribed from linearized plasmids in the presence of [32P]UTP. Hybridizations 
with 32P-labeled probes were performed at 65°C for 16 hours in hybridization buffer (50% (w/v) 
formamide, 5xSSC, 1% (w/v) SDS, 10% (w/v) dextran sulphate and 10 µg/ml tRNA for RNA probes; 
6xSSC, 0.5% (w/v) SDS, 5xDenhardts for DNA probes). After hybridization, filters were washed at 
65°C with 2x SSC/0.1% SDS, 1x SSC/0.1% SDS and 0.2x SSC/0.1% SDS, for 20 minutes each. The 
filters were exposed to Kodak X-omat AR Scientific Imaging Films with intensifying screens at –80 
ºC, or to a BioRAD phosphor-imaging screen. Autoradiograms were digitized and the contrast and 
brightness were adjusted with Adobe Photoshop. Figures were assembled using Adobe Illustrator.
Protein isolation and western blot analysis
Proteins of the desired tissues and stages were extracted in homogenization buffer (330 mM sucrose, 
100 mM KCl, 1 mM EDTA, 50 mM Tris, 0.05% MES, 5 mM DTT, Complete® proteinase inhibitor 
cocktail (Roche Mannheim), pH 7.5). The homogenate was centrifuged at 1000g for 15 minutes to 
collect cells and debris, and the supernatant was centrifuged at 10000g for 15 minutes to collect the 
large cellular organelles. Finally, the microsomal fraction was pelleted by centrifugation at 20000g for 
75 minutes. The microsomal pellet was dissolved in membrane buffer (330 mM sucrose, 200 mM DTT, 
25 mM Tris, pH 8.5).
 For the western blot, protein samples were prepared in the presence of 50 mM ethanedithiol. 
15 µg of proteins were separated by 12% SDS-PAGE. The proteins were electroblotted onto a 
nitrocellulose membrane in 39 mM glycine, 48 mM Tris base, 0.037% SDS, 20% methanol, pH 8.3. 
For detection, the membranes first were blocked in blocking buffer (5% non-fat dried milk in PBT) 
for two hours, after which they were incubated for two hours with either the PIP1 immune serum (1:
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1000 in blocking buffer) (Biela et al., 1999) or the PIP2 immune serum (1:500 in blocking buffer). 
The PIP2 immune serum was obtained from Eurogentec and produced by immunization of rabbits 
with the peptide H2N-QQHGKDYVDPPPAPLC-CONH2. After incubation with the primary antibody, 
the membranes were rinsed and incubated with the secondary antibody, horse-radish-peroxidase 
conjugated goat anti-rabbit antibody (Pierce) 1:20000 in blocking buffer for one hour. All incubations 
were performed at room temperature. The membranes were developed using SuperSignal West Pico 
Chemiluminescent Substrate (Pierce) according to the manufacturer’s protocol and exposed to Kodak 
X-omat AR Scientific Imaging Films. Autoradiograms were digitized and the contrast and brightness 
were adjusted with Adobe Photoshop. 
Oocyte assays
For the oocyte assays, the coding regions of NtPIP1;1 and NtPIP2;1 were amplified by PCR (figure 
1) and subcloned in pT7Ts (Deen et al., 1994). Sense RNA was transcribed from linearized pT7Ts 
using T7 polymerase, and the integrity and size of the cRNA were confirmed by denaturing gel 
electrophoresis. Xenopus laevis oocytes of stages V and VI were collected in ND 96 solution (96 mM 
NaCl, 2 mM KCl, 1 mM CaCl
2
, 1 mM MgCl
2
, 5 mM HEPES-NaOH, pH 7.4) supplemented with 
penicillin and streptomycin (200 U/ml each, Gibco BRL) at 16 ºC. A volume containing approximately 
10-50 ng cRNA (or an equivalent volume of water) was injected and the oocytes were incubated for 
three days in ND 96. Water permeability of single oocytes was measured by transfer to three-fold 
diluted ND 96 solution. Oocyte diameter changes were recorded with a microscope video system and 
oocyte cell volumes were calculated by measuring the area of each oocyte (Scion Beta 4). The osmotic 
permeability coefficient was calculated using the formula P
f
 = V
0
[d(V/V
0
)/dt]/[S*V
w
(Osm
in 
– Osm
out
)], 
where V
0
 is the initial oocyte volume, S is the initial surface area and V
w
 is given as 18 cm3/mol.
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Abstract
Several processes during the sexual reproduction in higher plants involve the movement 
of water between cells or tissues, such as it occurs during dehiscence of the anther and 
hydration of the pollen grain after it is deposited on a stigma. Aquaporins represent 
a class of proteins that mediates the movement of water over cellular membranes. 
Aquaporins of the PIP family are expressed in reproductive organs and may therefore 
be involved in the movement of water in anther and stigma. To get more insight in the 
role aquaporins may play in reproductive organs, we have analyzed the localization of 
PIP1 and PIP2 aquaporins using in situ hybridization and immunolocalization. Our 
results indicate that PIP1 RNA is present in the neck cells of the stigma and in most 
tissues of the anther and that PIP2 RNA and protein can be detected only in the anther. 
In addition, these results provide the basis for a hypothetical model that describes 
anther dehiscence.  
Introduction
In sexual plant reproduction, control of water movement plays an important role. In 
anther development, this is illustrated by the dehydration of both the anther and the pollen 
during the later stages of development, before anther dehiscence. Correct timing of anther 
dehiscence is important, as the time of pollen release is crucial for fertilization to take place. 
The mechanism of anther dehiscence is complex and controlled by various pathways. On a 
physiological level, it is preceded by changes in carbohydrate metabolism and dehydration 
of the anther and pollen (Keijzer, 1987; Bonner and Dickinson, 1990; Clement and Audran, 
1995; Pressman et al., 2002). The latter process may involve evaporation, or movement of 
water following an osmotic gradient via the vascular bundle towards the base of the flower. 
Finally, dehiscence of the dehydrated anther is initiated by rupture of the stomium cells. 
Plant hormones have been shown to be involved in regulating the timing of dehiscence. 
The Arabidopsis delayed dehiscence1 (dde1) mutant contains a T-DNA insertion in a gene 
coding for an enzyme involved in the jasmonic acid biosynthesis pathway, causing anthers 
to release pollen too late. This and the observation that the mutant phenotype can be rescued 
by jasmonic acid application suggest the involvement of jasmonic acid signaling in the 
regulation of anther dehiscence (Sanders et al., 2000). In tobacco however, ethylene signaling 
has been shown to control the timing of anther dehiscence (Rieu et al., 2003). Although these 
observations provide a general picture of anther dehiscence, many details are still unknown, 
like, for instance, the results of the changes in carbohydrate metabolism and the mechanism 
by which the anther dehydrates.
During anther development, pollen grains start to dehydrate after the degeneration 
of the tapetum and are partially dehydrated at maturity (Goldberg, 1988; Franchi et al., 2002). 
The significance of correct anther and pollen dehydration for the functions of the pollen grain 
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is illustrated by the Arabidopsis mutant raring-to-go (Johnson and McCormick, 2001). In 
these plants, pollen grains hydrate and germinate within the anther when it is exposed to high 
humidity. However, besides this example, not much is known about the detailed mechanism 
of pollen dehydration. 
 After dehiscence, pollen grains are dispersed and may land on the stigmatic surface 
of a pistil. If the pistil is receptive, the dehydrated pollen rehydrate, mobilizing water from 
the stigma, before producing a pollen tube. The importance of pollen hydration is illustrated 
by the observation that in some incongruous crosses and self-incompatibility systems, 
fertilization is prevented at this level (Dickinson, 1995; Hulskamp et al., 1995).
 Aquaporins mediate the movement of water over biological membranes and 
various subsets of aquaporins were found to be present in virtually all plant parts (Maurel et 
al., 2002). The Plasmamembrane Intrinsic Protein (PIP) subfamily, which is thought to be 
plasmamembrane localized, can be further divided in two classes and has been suggested 
to function in a number of cellular processes (Tyerman et al., 2002).  It is unknown how the 
two classes of PIP proteins are related with respect to their functions in the plant, but results 
from studies in Xenopus laevis oocytes and isolated membrane vesicles show that PIP1 and 
PIP2 proteins have different functional characteristics (Tyerman et al., 2002), indicating 
that in planta they could perform distinct functions. The analysis of plants impaired in the 
expression of PIP1 or PIP2 proteins has shown that they function in root water uptake and 
stress recovery (Kaldenhoff et al., 1998; Siefritz et al., 2002; Javot et al., 2003). However, 
the observation of similar phenotypes in transgenic plants impaired in the expression of both 
classes of PIP proteins has led to the suggestion that they may function in heterotetramers 
(Martre et al., 2002). Another possibility may be that PIP proteins are functionally redundant, 
irrespective of which class they belong to.
Previously, we isolated tobacco cDNA fragments representing both classes of the 
PIP subfamily of aquaporins. Expression studies on RNA and protein levels demonstrated 
that the genes corresponding to these cDNAs are expressed during anther and stigma 
development (Chapter 3, this thesis). In stigmas, PIP1 proteins are strongly expressed during 
the last stages of development and PIP2 proteins cannot be detected. In anthers, PIP1 proteins 
are strongly expressed early in development but expression declined towards maturity. PIP2 
transcripts accumulate in a complex temporal pattern during anther development, and two 
proteins with distinct accumulation patterns can be detected using a PIP2 antibody.
In order to get a better understanding of the correlation between PIP accumulation 
and the mechanism of water movement in reproductive organs we performed in situ 
hybridization and immuno-localization of PIP family members in the tobacco anther and 
stigma. Here, we show that PIP1 transcripts accumulate in the neck-cells of tobacco stigmas, 
and that PIP1 and PIP2 genes are expressed in most tissues of young tobacco anthers. 
Furthermore, immunolocalizations of PIP2 proteins at different stages of anther development 
indicate that PIP2 accumulation is both temporally and spatially modulated during anther 
development. Together, these results suggest that PIP1 and PIP2 aquaporin subfamilies play 
a role in water movement during anther growth and dehydration.
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Results
In situ hybridization of PIP1 aquaporins in tobacco stigma
To obtain information about the spatial localization of PIP aquaporin transcripts in tobacco 
stigmas, in situ hybridization was performed. Because the PIP1 and PIP2 aquaporin 
subfamilies share considerable homology, we tested the specificity of our candidate probes 
on a southern blot containing DNA fragments of different members of the PIP1 and PIP2 
subfamilies. The results showed that at low stringencies cross-hybridization occurred, 
whereas at higher stringency the probes only hybridized to their corresponding cDNAs 
(data not shown). Therefore we decided to use these probes combined with high stringency 
conditions in our in situ experiments.
 We performed in situ hybridizations on stigma sections using the PIP1-probe 
(see materials and methods). As PIP1 expression in tobacco stigmas increases during the 
later stages of development, we used stigmas of almost mature flowers (stage 11) in our 
experiment. Figure 1 shows that compared to the control (sense probe), a signal is present in 
the neck-cells of the stigma, but that no PIP1 transcript is detected in the cortex cells. 
Figure 1: Localization of PIP1 RNA in the tobacco stigma. The strongest 
signal is observed in the neck cell region (N), a lower signal is present in the 
secretory cells (S). Probe concentration 600 ng/ml. (Bar: 100 μm; C: cortex.)
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In situ hybridization of PIP1 and PIP2 aquaporins in tobacco anthers
PIP1 and PIP2 transcripts accumulate in a temporally different pattern during tobacco anther 
development (Chapter 3, this thesis). As different processes occur during anther development, 
such as tissue differentiation and degeneration, it is important to study transcript and protein 
localization of PIP1 and PIP2 in order to associate them to one or the other process. To 
this end, we performed in situ hybridizations using the PIP1 and PIP2 probes on sections 
of tobacco anthers (see materials and methods). We used anthers of stage 2 for both the in 
situ and immunolocalizations because at this stage all different tissues of the anther are still 
present (Koltunow et al., 1990), and because PIP1 and PIP2 are both expressed in this stage 
(Chapter 3, this thesis). The results of the in situ hybridizations are shown in figure 2. PIP1 
and PIP2 transcripts were detected in the cells of the connective, the anther wall and the 
vascular bundle. In the cells of the circular cell cluster (CCC), the PIP2 probe gave a very 
weak signal, whereas the signal with the PIP1 probe was stronger. We did not detect PIP1 
or PIP2 transcripts in the cells of the epidermis. The tapetum and the microspores stained 
equally dark in all sections after hybridization with both the sense and the antisense probes, 
thereby making it difficult to ascertain the presence or absence of PIP transcripts. Together, 
PIP1 and PIP2 transcripts are present in most of the tissues of young anthers. 
Immuno-localization of PIP2 proteins during anther development
We performed immuno-localizations using a PIP2 antibody on anther sections of stages 2, 5, 
8 and 11, and figure 3 shows that PIP2 proteins were detected at all anther stages analyzed. In 
anthers at stage 2, all different tissues were present and intact. PIP2 proteins were detected in 
the connective, anther wall and phloem. No proteins were detected in the xylem, the epidermis 
and, notably, in the CCC, tapetum and microspore tetrads, but some signal was observed in 
the cells of the stomium (Figures 3A, B and C). Sections of stage 5 anthers showed that the 
CCC had degenerated and that the microspores were released from the tetrads, but that the 
cells of the tapetum were still intact. At this stage, PIP2 protein expression was lower when 
compared to stage 2 anthers, but still detectable, mainly in the cells of the connective (Figure 
3D). In anthers of stage 8, the tapetum had degenerated and the anther had become bilocular. 
PIP2 proteins were detected in the connective and in the anther wall, but the signals were 
stronger when compared with stage 5. Also, some signal could be detected in the vascular 
bundle (Figure 3E). Finally, at stage 11, the connective had almost completely degenerated 
and the anther only consisted of the upper and lower anther wall held together by the cells of 
the stomium. Here, PIP2 proteins were detected in the anther wall and vascular bundle, but 
not in the remains of the connective (Figure 3F). No PIP2 proteins were detected in the cells 
of the epidermis in any of the stages analyzed.
 For unknown reasons we were not successful in performing immunolocalizations 
with PIP1 antibodies.
Cell sizes measurement 
Data in the literature suggested that aquaporins may be involved in cell enlargement (Maurel 
et al., 2002). Because tobacco anthers enlarge until approximately stage 6, we determined 
Chapter 4
66
Localization of PIP1 and PIP2 in tobacco anther and stigma
67
the sizes of the cells of the connective, endothelium and epidermis of anthers of stages 2 and 
5. The results, presented in table 1, show that the cells of the connective and endothelium 
enlarge between stages 2 and 5, whereas the cells of the epidermis do not enlarge between 
stages 2 and 5.
Discussion
The control of movement of water plays an important role in plant development and 
reproduction. In anthers, correctly timed dehydration is important for pollen development 
and anther dehiscence, and on the stigma dehydrated pollen must hydrate with stigmatic 
water in order to produce a pollen tube (Dickinson, 1995; Wolters-Arts et al., 1998). We have 
analyzed the localization patterns of the two PIP aquaporin subfamilies in tobacco anthers 
and stigmas to get a better understanding of the roles these proteins may play in anther 
development and pollen-stigma interactions.       
Localization suggests distinct function for PIP1 and PIP2 aquaporins in anther 
development
Analysis of the localization of PIP1 and PIP2 transcripts in sections of stage 2 anthers 
of tobacco revealed that these transcripts have overlapping, but not identical localization 
patterns (Fig. 2). This observation could indicate that PIP1 and PIP2 aquaporins contribute to 
a different extent to the regulation of water movement in anther tissues. Both PIP subfamilies 
could for example function in cell elongation of the connective and anther wall cells in young 
anthers. By contrast, mainly PIP2 protein appears to mediate water movement during anther 
dehydration and dehiscence (Chapter 3, this thesis). PIP1 and PIP2 proteins display different 
functional characteristics when expressed in Xenopus oocytes (Chapter 3, this thesis; Maurel 
et al, 2002), and combined with our localization data this could indicate that they are not 
functionally redundant. These results could also indicate that, at least in some cell types, 
PIP1 and PIP2 do not form heterotetramers, unless they do so with other members of the MIP 
family, which we do not detect with our probes or antibody.
Localization of PIP1 transcripts in tobacco stigma reveals expression in the neck-cells
The presence of aquaporins in the stigma suggests a role in pollen hydration, but our 
results and data from Brassica show that PIP1 aquaporins are not expressed in the stigmatic 
papillae (Marin-Olivier et al., 2000), making such a function less likely. Still, during tobacco 
stigma development, PIP1 transcripts were expressed with increasing strength in the last 
stages before pollination would take place. Based on the observed localization, the actual 
function of these proteins may be in another aspect of fertilization than pollen hydration. One 
possibility would be that PIP1 proteins function in pollen tube elongation in the stigma-style 
transition. Alternatively, the PIP1 aquaporins in the neck cells could be present to assure 
the movement of water into the transmitting tissue, the site of pollen tube elongation within 
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the style. Recently, we found more PIP1 homologues to be expressed in the tobacco stigma 
(chapter 3, this thesis), which could be involved in the hydration of the pollen. 
Changing PIP1 and PIP2 expression patterns in tobacco anther development coincide 
with physiological changes
The results of our localization studies of PIP1 and PIP2 expression in tobacco anthers 
show that changes in PIP expression can be correlated with physiological changes in the 
tobacco anther. One of the suggested functions of aquaporins is to enable water influx for 
cell enlargement. Indeed transcripts of both PIP families are detected at stage 2 of anther 
development, when the anthers are still increasing in length and weight (Goldberg, 1988). 
Cell size comparison between anthers of stages 2 and 5 revealed that cells of the connective 
and endothelium, which all accumulate PIPs, enlarged between these stages, whereas cells 
of the epidermis, which do not accumulate PIP transcripts, did not (table 1). At stage 5, when 
Figure 2: Localization of PIP1 and PIP2 RNA in the tobacco anther. The strongest 
hybridization signals for both PIP1 and PIP2 can be observed in the vascular bundle (V) 
and connective (C). Probe concentrations: 600 ng/ml for the PIP1 probe and 200 ng/ml 
for the PIP2 probe. (Bar: 50 μm; L: locule.)
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anthers have stopped growing, PIP expression appeared lower. Altogether, we observe a 
correlation between PIP expression and tobacco anther enlargement between developmental 
stages 2 and 5. A similar correlation between localized aquaporin expression and regions of 
cell elongation was previously found in roots of Mesembryanthemum crystallinum, where 
expression of the PIP2 homologue MIP-C was confined to regions of cell elongation (Kirch 
et al., 2000). These data therefore indicate that PIP expression can be correlated with growth, 
and the presence of the aquaporin transcripts in the connective and anther walls may be 
associated with increasing cell size. 
PIP2 proteins were not detectable in the tapetum and microspores in anthers of 
stage 2. In lily, the anther locule was found to be symplastically isolated from other parts 
of the anther (Clement and Audran, 1995), and in tomato water tracers have been used to 
demonstrate the symplastic isolation of locules (Bonner and Dickinson, 1990). This isolation 
could assure a stable environment for microspore development in the anther. Assuming that 
in tobacco the locules are symplastically isolated, our results would indicate that hydraulic 
isolation of the locule might be achieved not only by absence of plasmodesmata, but also by 
absence of plasmamembrane aquaporins. At approximately stage 6 of anther development, 
the tapetum degenerates, and hydraulic continuity between the locule and the surrounding 
Figure 3: Localization of PIP2 proteins in the tobacco anther at stages 2, 5, 8 and 11. PIP2 proteins 
are present in all stages analyzed. A-C: stage 2; D: stage 5; E: stage 8; F: stage 11. Insets show 
pre-immune controls. (Bars: A: 50 μm; B-C: 20 μm; D-F: 100 μm. AW: anther wall; C: connective; 
CCC: circular cell cluster; L: locule; P: phloem; S: stomium; T: tapetum; X: xylem.)
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cells may be established, allowing fluid movement from the locule to adjacent cells. 
Interestingly, shortly hereafter anther dehydration commences, and at stage 8 PIP2 protein 
expression has increased in the connective and anther wall (Fig 3). This could indicate that 
PIP aquaporins regulate the dehydration of the anther and pollen, but as aquaporins only 
allow passive movement of water, the direction of water flow must be directed by osmotic 
gradients. One indication for the formation of such an osmotic gradient in the anther is the 
expression of the H+-sucrose symporter AtSUC1 of Arabidopsis, which, after the degradation 
of the tapetum, is localized to the connective (Stadler et al., 1999). In addition, processes 
in Arabidopsis, Lycopersicon and Lilium at comparable time-points in anther development 
indicate the formation the osmotic gradients required for water movement out of the anther 
(Keijzer, 1987; Bonner and Dickinson, 1990; Clement and Audran, 1995; Pressman et 
al., 2002). Based on these observations, we suggest the following model for anther and 
pollen dehydration prior to dehiscence. First, hydraulic continuity throughout the anther 
is established by degeneration of the cells of the tapetum, allowing fluid movement out of 
the locules. Then, expression of aquaporins increases the cellular water permeability of the 
cells of the connective and anther walls, and concurrently an osmotic gradient is formed by 
starch-sugar formation and sucrose import. Together, this allows water to move from the 
anther towards the vascular bundle and from there via the filament towards the base of the 
flower. Although this model may explain anther and pollen dehydration, it is based solely on 
the localization patterns of some genes and carbohydrates, and therefore requires validation 
with additional research.
 
Materials and methods
In situ hybridization
The in situ hybridization was essentially performed as described in (DeBlock and Debrouwer, 
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1993). Briefly, tissue was fixed in 4% paraformaldehyde, 0.25% glutaraldehyde (anthers) or 4% 
paraformaldehyde, 0.75% glutaraldehyde (stigmas). After embedding the tissue in paraplast (Sigma, 
St Louis MO), sections of 7 µm were cut and attached to coated object slides (Vectabond). Before 
hybridization of the probe, the sections were deparafinized and hydrated with successive ethanol/water 
steps. The probes were transcribed from linearized plasmids using DIG RNA labeling mix (Roche) with 
T3 or T7 RNA polymerase. Sections were hybridized overnight at 45°C with 200 or 600 ng/ml probe 
and then washed at high stringency with 0.2x SSC. Detection was performed by antibody conjugated 
with alkaline phosphatase. Photography occurred with a Leitz Orthoplan (Leica Microsystems GmbH, 
Wetzlar, Germany) microscope equipped with a Color Coolsnap digital camera (Roper Scientific, 
Tucson, AZ) and the MetaVue (Universal Imaging Corporation, West Chester, PA) software.
Immunolocalization
Immunolocalization on sections of anthers was carried out according to standard procedures. Briefly, 
anthers were fixed in 3% paraformaldehyde and 0.5% glutaraldehyde in 0.05 Phosphate buffer, pH 7.2, 
for 2 hrs at room temperature. After rinsing in buffer, the anthers were embedded in paraplast (Sigma, 
St Louis MO).  Sections, 7 µm thick, were cut, attached to gelatin coated object slides, deparafinized 
and hydrated with successive xylene/ethanol and ethanol/water steps (Sternberger, 1979). Sections of 
all stages analyzed were present on all the object slides. Sections were incubated with 1:500 diluted 
antibody in Tris-saline buffer, 0.05M, pH 7.4 with 1% BSA, and processed according to the peroxidase-
anti-peroxidase (PAP) procedure (Sternberger, 1979). After incubation for 2h, sections were rinsed 3x 
in buffer with BSA. The second antibody was a 1:100 diluted horseradish peroxidase coupled goat 
anti-rabbit (GAR-HRP, Pierce Rockford, Illinois). Following, the staining was carried out at room 
temperature for 10 min with 0.5 mg/ml 3,3’diaminobenzidine (DAB; Sigma, St Louis, MO) and 0.01% 
H
2
O
2 
in Tris-saline buffer as a substrate. Observations were made in a Leitz Dialux 20MB microscope 
(Leica Microsystems GmbH, Wetzlar, Germany) at various magnifications. Photography occurred 
with a Leitz Orthoplan (Leica Microsystems GmbH, Wetzlar, Germany) microscope equipped with a 
Color Coolsnap digital camera (Roper Scientific, Tucson, AZ) and the MetaVue (Universal Imaging 
Corporation, West Chester, PA) software. The PIP2-antibody used in the immunolocalizations was an 
affinity-purified antibody raised in rabbits against a peptide that represented the first 15 amino acids 
encoded by of the tobacco cDNA NtPIP2;1 (Genbank Acc. Nr. AF440272).
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Abstract
Aquaporins constitute a family of water channel forming proteins that are ubiquitously 
expressed in plants, where they play a role in root water uptake and stress responses. 
Aquaporins have also been identified in flower parts of various plant species. To get more 
information on the functions of these proteins in flower development and reproduction 
we have generated and analyzed plants displaying RNAi of PIP1 and PIP2 aquaporins. 
The results showed that anthers of plants displaying RNAi of PIP2 dehydrated slower 
than wild type anthers and dehisced later. Together, our data indicate that PIP2 proteins 
are involved in efficient dehydration as it occurs during the dehiscence process.
Introduction
Aquaporins are membrane proteins that mediate the movement of water according to osmotic 
and hydrostatic pressure gradients over cellular membranes. As aquaporins are ubiquitously 
expressed in plants, their discovery has forced a reevaluation of plant water relations (Steudle 
and Henzler, 1995). Analysis of the Arabidopsis genome and maize EST databases revealed 
the presence of 35 and 31 aquaporins, respectively, belonging to four different subfamilies: 
Plasmamembrane Intrinsic Proteins (PIPs), Tonoplast Intrinsic Proteins (TIPs), NOD26-like 
Intrinsic Proteins (NIPs) and Small and basic Intrinsic Proteins (SIPs) (Chaumont et al., 
2001; Johanson et al., 2001). All aquaporins are transmembrane proteins of about 30 kDa, 
and are present in the membrane as tetramers. Expression in Xenopus laevis oocytes revealed 
that members of all aquaporin families are, to a certain degree, permeable to water and/or 
glycerol, but some indications exist that aquaporins may also be permeable to a variety of 
other compounds (Tyerman et al., 2002). Although to date little is known about the function 
of NIPs and SIPs, a large amount of data on TIPs and PIPs has become available in recent 
years (Tyerman et al., 2002).
The five subfamilies of TIP aquaporins are found to be expressed in the membranes 
of the tonoplast, in some cases in a specific fashion: lytic vacuoles, for example, are marked 
by TIP1 proteins only (Jauh et al., 1999). No TIP knockout plants have been reported, but the 
recent discovery that tobacco protoplasts overexpressing GFP-tagged BobTIP26-1 are larger 
than control protoplasts may indicate that correct TIP expression is important for cellular 
water balance (Reisen et al., 2003).
Aquaporins of the PIP subfamily form the largest plant aquaporin cluster and are 
mostly found to be expressed in the plasma membrane. The sequences within this cluster 
fall into two classes, but it is uncertain what the functional relationship between these PIP1 
and PIP2 aquaporins may be. When injected in Xenopus oocytes, PIP2 aquaporins generally 
have high water permeability, whereas many PIP1 aquaporins display negligible water 
permeability. Based mainly on expression patterns and responsiveness to a wide range of 
stimuli, PIP aquaporins are suggested to function in many processes, including root water 
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uptake, cellular growth, various stress responses, leaf movement and plant reproduction 
(Maurel et al., 2002).
 The ubiquitous nature of aquaporin expression has complicated the analysis of PIP 
function by transgenic approaches. Downregulation of the Arabidopsis PIP1b gene resulted 
in plants that had an increased root mass (Kaldenhoff et al., 1998). Antisense NtAQP1 
tobacco plants were less resistant to drought stress than control plants and exhibited reduced 
root hydraulic conductivity (Siefritz et al., 2002). Similar phenotypes were obtained after 
downregulation of PIP1 and PIP2 aquaporins in Arabidopsis (Martre et al., 2002). In all these 
cases, the expression of multiple members of the PIP family of aquaporins was partially 
suppressed to varying degrees. Only one mutant has been described displaying a phenotype 
due to the structural knockout of a single aquaporin. This Arabidopsis aquaporin of the PIP2 
subfamily is expressed in roots, and the mutant displayed a number of alterations pointing 
to a role in osmotic fluid transport in roots (Javot et al., 2003). It must be noted, however, 
that under most conditions all phenotypes were very subtle and could only be detected after 
detailed analysis.
 Control over water movement in plants is not only important in roots and during 
drought stress, but also in plant reproduction. The anther, which produces the male 
gametophytes, or pollen, first takes up water to grow, but dehydrates later in development 
to aid the opening of the anther in a process called dehiscence (Keijzer, 1987). In addition, 
the pollen itself also dehydrates prior to dehiscence, a process essential for the correct 
functioning of pollen (Johnson and McCormick, 2001). When the pollen has reached the 
receptive surface of the pistil, the stigma, the pollen rehydrates. It has been shown that 
control over this rehydration plays an important role in sporophytic self-incompatibility and 
in preventing incongruous crosses (Dickinson, 1995; Hulskamp et al., 1995). After hydration 
a pollen tube is produced that will carry the sperm cells to the ovary. It may be expected 
that aquaporins play an important role in regulating water movement in these reproductive 
processes. Indeed, aquaporins have been identified in anthers and pistils of e.g. Solanum (O’ 
Brien et al., 2002), tobacco (Chapter 3, this thesis) and Brassica (Ikeda et al., 1997; Marin-
Olivier et al., 2000; Ruiter et al., 1997). Because of its presumed role in self-incompatibility 
the Brassica aquaporin MIP-MOD has been analyzed in greatest detail, but no clear function 
in reproductive processes has yet been established for this or any other aquaporin (Dixit et 
al., 2001; Fukai et al., 2001).
 We have previously characterized aquaporins of the PIP1 and PIP2 subfamilies that 
are expressed in the anther and stigma of tobacco (chapters 3 and 4, this thesis). Here we 
present their functional characterization using transgenic plants displaying RNAi of PIP1 
or PIP2 aquaporins. Plants carrying a PIP1 RNAi construct showed inefficient silencing, 
regardless of the type of promoter used. However, plants carrying a PIP2 RNAi construct 
driven by a constitutive promoter showed a delay in anther dehiscence that we have 
characterized using a variety of techniques. 
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Results
Generation of transgenic tobacco plants displaying RNAi of PIP aquaporins
To obtain information about the function of these proteins in vivo, we suppressed the 
accumulation of either PIP1 or PIP2 in these organs by RNA interference (RNAi). To this 
end, we transformed tobacco leaf discs with the 35S-PIP1hp and 35SPIP2hp (figure 1). In 
addition, we attempted to silence PIP1 expression in mature stigmas specifically by driving 
the expression of the PIP1 inverted repeat with the PPAL promoter (Pezzotti et al., 2002). 
The aquaporin sequences used were PCR-amplified fragments of approximately 450 bp 
of the central part of either NtPIP1;1 or NtPIP2;1 (Acc. Nrs. AF440271 and AF440272, 
respectively). These regions showed high homology within subfamilies, but lower homology 
between subfamilies, and were therefore chosen with the aim to silence members of a single 
PIP subfamily, but not members of the other PIP subfamily or members of other aquaporin 
families (Waterhouse et al., 2001). The effect of the RNAi in flowering primary transformants 
was assayed by performing western blot analysis on anther or stigma microsomal protein 
fractions. The results of PIP1 RNAi silencing are displayed in figure 2, and show that line 
1-20, which contained a transgene driven by the 35S promoter, has strong reduction of PIP1 
proteins. The remaining lines that contained the 35S driven transgene displayed a slight 
reduction in PIP1 expression, and in most of the lines transformed with a transgene under 
control of the PPAL promoter, PIP1 protein accumulation was similar to wild type. All lines 
transformed with the PIP2 RNAi construct displayed efficient silencing, as PIP2 proteins 
were not detectable in microsomal protein fractions of the anther (fig 2, lower panel) and leaf 
(data not shown). Because only a single plant showed complete absence of PIP1 proteins, and 
because plants that displayed partial silencing of PIP1 proteins were previously described 
(Siefritz et al., 2002), we focused our research on PIP2 RNAi lines exclusively.
Plants exhibiting RNAi of PIP2 aquaporins have longer primary roots
The primary transformants of the PIP2 RNAi lines were indistinguishable from wild type 
plants of the same age, with the exception of two plants. These plants were smaller than 
wild type, showed strongly delayed anther dehiscence and could not self-fertilize. However, 
Figure 1: Schematic representation of the PIP1/2 constructs used to generate plants displaying 
RNAi of PIP1 or PIP2 proteins. The expression of hairpin RNA is driven by either the constitutive 
35S or the tissue specific PPAL promoter and consists of a sense and an antisense PIP fragment 
(PIPs/as) separated by the chalcone synthase intron (CHS). The NTPII resistance gene allows 
kanamycin selection of the transformed plants and is driven by the pMAS 2 promoter.
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pollen grains from all plants were able to form pollen tubes in an in vitro system, and all 
plants set seed after reciprocal backcrosses with wild type plants. This indicated that failure 
of self-fertilization was likely caused by the delay in pollen release. 
 We arbitrarily chose the lines 3-2, 3-10 and 3-16 for further analyses. During 
seedling development, we observed the presence of transgenic seedlings with a primary root 
longer than that of concurrently grown wild type seedlings. To exclude possible deleterious 
effects of kanamycin or differences in micro-environment, wild type and transgenic seedlings 
were grown side-by-side on non-selective plates and root lengths were measured. Figure 3 
shows that the primary roots of transgenic seedlings were significantly longer than those of 
wild type seedlings. This observation is in agreement with previous reports indicating the 
importance of aquaporins in root water uptake and root development (Javot et al., 2003; 
Kaldenhoff et al., 1998; Siefritz et al., 2002).
PIP2 silenced tobacco plants show delayed anther dehiscence
Based on spatial and temporal accumulation patterns of PIP2 mRNAs in anther development 
it has been suggested that PIP2 proteins could play a role in anther dehydration and 
dehiscence in tobacco (Chapters 3 and 4, this thesis). Therefore we decided to analyze the 
dehiscence process in the T2 generation of the PIP2 RNAi lines more closely. Flowers of 
wild type plants and the three transgenic lines were observed at stages 11 and 12 of flower 
development (Goldberg, 1988) and the number of dehisced anthers was counted. Figure 4a 
shows that in wild type plants 75% of flowers at stage 11 contained 5 of 5 dehisced anthers, 
whereas only 8% of the flowers contained 5 of 5 non-dehisced anthers. By contrast, in the 
three transgenic lines analyzed the percentage of flowers containing 5 dehisced anthers was 
always lower, whereas the percentage of flowers with 5 non-dehisced anthers was invariably 
higher. Although some variability existed between the lines, with line 3-2 showing the 
biggest delay in anther dehiscence, these results indicated that on average transgenic anthers 
Figure 2: Western blot analysis of PIP1 and PIP2 proteins of wild type 
(WT) and transgenic (numbers) plants, using a PIP1 and PIP2 specific 
antibody, respectively. For the PIP1 plants, the promoters used in the 
constructs are indicated. All PIP2 plants contain a construct driven by the 
35S promoter. Molecular weight markers are indicated on the left.
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dehisced later than wild type anthers.
We tested the possibility that the observed phenotype was indirectly caused by 
changes in flower development. To this end, we measured bud length and observed corolla 
coloration in developing wild type and transgenic flowers. We found that the PIP2 RNAi does 
not affect flower development itself, because bud growth patterns (figure 4b), and corolla 
coloration (data not shown) were virtually identical in wild type and transgenic flowers. In 
addition, sections of wild type and transgenic anthers observed by light microscopy revealed 
no anatomical differences during development (data not shown). Together, these results 
indicate that the delayed dehiscence is not caused by changes in flower development, but 
may due to a specific physiological defect in the dehiscence program.
Transgenic anthers dehydrate more slowly than wild type anthers
The process of anther dehiscence is preceded by dehydration of the anther and pollen 
(Keijzer, 1987). Because it may be expected that the absence of aquaporins in the anther 
has an effect on this process, we followed the dehydration of wild type and PIP2 RNAi 
Figure 3: Analysis of the lengths of primary roots of wild type and 
transgenic seedlings. A: root lengths of seedlings after two weeks of 
growth. Error bars represent standard error. B: frequency distribution 
of the same root lengths as in A. 
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anthers. We collected non-dehisced anthers from flowers at various stages and weighed them, 
assuming that loss of weight would correspond to a decrease in water content, as was shown 
previously to be true for tomato anthers (Bonner and Dickinson, 1990). The results of these 
measurements are presented in figure 5 and indicate that PIP2 RNAi anthers differ from wild 
type in three aspects: (i) they have a larger range of weights, (ii) their average weight is lower, 
and (iii) dehydration proceeds at a slower rate.
In addition, we followed the water content of wild type and transgenic anthers 
using NMR relaxometry. This method has a number of advantages: individual anthers can be 
analyzed, the kinetics of water movement can be measured in living tissue, over a prolonged 
period of time and in much more detail, and it may allow the discrimination of water in 
different compartments of the anther. We used wild type and transgenic anthers of flowers at 
stage 9 that were detached from the flower but still connected to the filament. These anthers 
were put in the NMR system and analyzed for up to 20 hrs on consecutive days. T
2
 relaxation 
Figure 4: Plants displaying RNAi of PIP2 proteins show delayed anther 
dehiscence. A: number of opened anthers of flowers at developmental 
stage 11. B: bud lengths of developing wild type (white) and transgenic 
(black) flower buds indicate that flower development per se is not 
affected by the RNAi.
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decays were measured and found to be best described by four exponentials with different 
decay times in a multi-exponential analysis. The T
2
’s of these four components were 200 ms, 
80 ms, 17 ms and 4 ms. It was found that these decay times were similar for wild type and 
transgenic anthers, and did not change in time (data not shown). In contrast, the sum of the 
signal amplitudes of wild type anthers decreased faster in time than the amplitude of transgenic 
anthers as shown in figure 6. Especially the amplitude of the fractions with decay times 80 ms 
and 17 ms showed strong time dependence (data not shown). In addition, it appears that this 
difference is largest between wild type and line 3-2, the same line that also shows strongest 
delay in dehiscence. As the signal amplitude is correlated to the amount of intracellular water 
of a tissue (Van der Toorn et al., 2000), these results indicate that transgenic anthers contain 
more water after 20 hrs than wild type anthers and therefore dehydrate slower.
 
Discussion
In plants, large numbers of aquaporin isoforms are found, that can be grouped in four 
Figure 5: Transgenic anthers dehydrate slower than wild type anthers. Flower buds 
were collected at various developmental stages and the five anthers of each flower 
weighed. 
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different classes, the largest of which contains aquaporins of the PIP family. Because plant 
reproduction involves, at various stages, the movement of water in and out of cells of the 
reproductive organs, we have generated transgenic plants that are impaired in the expression 
of PIP proteins and analyzed these plants with regard to the development of the reproductive 
organs and the processes that occur during reproduction.
Aquaporins of the PIP family can be divided in two subfamilies that display high 
sequence similarities between members of the same subfamily and moderate homology 
between members of different subfamilies. We decided to suppress the accumulation of PIP1 
and PIP2 proteins by RNAi, using regions of the central part of NtPIP1;1 and NtPIP2;1. 
Although the homology between all sequences is considerable, only within subfamilies 
identical regions of 20 base pairs or more are present. As the RNAi machinery utilizes short, 
completely matching sequence stretches (Waterhouse et al., 2001), we expected the silencing 
to be restricted to members of the respective subfamilies. The silencing efficiency differed 
considerably between the PIP1 and PIP2 RNAi constructs, PIP2 proteins being silenced 
Figure 6: NMR analysis of anther water content. Anthers of 
wild type plants and the lines 3-2 and 3-16 were analyzed using 
NMR microscopy for up to 20 hours during the last stages of 
development. Initial amplitude was normalized to 1. 
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more efficiently. Although it is known that the efficiency of silencing can vary depending 
on a number of factors such as construct design and number of T-DNA insertions (Kooter et 
al., 1999; Smith et al., 2000), in this case the poor silencing of PIP1 might be explained by a 
possible adverse effect of the silencing during tissue culture and regeneration.
The first phenotype we observed was increased primary root length of transgenic 
seedlings grown on non-selective medium when compared with wild type seedlings (fig 3). 
These results corroborate previous observations (Javot et al., 2003; Kaldenhoff et al., 1998; 
Siefritz et al., 2002), and may indicate that also PIP2 aquaporins are involved in this process 
in tobacco. 
Anther dehiscence is a complex process that is accompanied by cell and tissue 
degeneration, metabolic changes and dehydration. Previously, we have proposed a model 
for the dehydration of anthers based on the localization patters of aquaporins of the PIP 
family (Chapter 4, this thesis). This model predicts that water movement out of the tobacco 
anther is enabled by the combination of two processes: the formation of an osmotic gradient 
and the increase of hydraulic permeability by expression of PIP2 aquaporins. In wild type 
plants these processes lead to a rapid dehydration of the anthers, generating the force that is 
thought to open the anther when the adhesion forces between degenerating stomium cells 
decrease. We observed that in the plants displaying RNAi of PIP2 aquaporins, dehiscence is 
delayed. In addition, weighing of anthers and NMR microscopy showed that the dehydration 
that precedes dehiscence proceeds more slowly in these plants. These observations are in 
agreement with the model and indicate that dehiscence occurs more efficiently if the anther 
is fully dehydrated. However, anther dehydration still takes place in PIP2 RNAi plants and 
anthers still dehisce, indicating that water movement still occurs. This could imply that 
water movement is not solely dependent on PIP2 aquaporins. It is possible that water moves 
through other membrane channels, or alternatively that it diffuses through the lipid bilayer, 
forced by the osmotic gradient. Slower dehydration may result in a smaller force on the 
degenerating stomium cells, delaying dehiscence.
In brief, our results support a role for PIP2 aquaporins as described in our model. In 
wild type anthers, PIP2 proteins may function to increase the hydraulic permeability to allow 
fast dehydration, as is indicated by the slower dehydration of PIP2 RNAi anthers. However, 
the absence of PIP2 proteins does not inhibit dehiscence. This observation indicates the 
complexity of the process of anther dehiscence, which is ultimately triggered by the 
degeneration of the stomium cells (Beals and Goldberg, 1997; Rieu et al., 2003).
Materials and methods
Plant growth conditions
Wild type tobacco (Nicotiana tabacum cv. Petit Havana SR1) plants were grown under standard 
greenhouse conditions. Transgenic seeds were sown on MS medium containing 200 mg/l kanamycin 
to select for the presence of the transgene. After selection, resistant seedlings were grown in a growth 
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chamber with 16 hrs light at 22 ºC. Flower stages were determined according to Goldberg (1988).
Transgene construction and plant transformation
The constructs that we used to induce RNAi of aquaporin genes were based on the vector pGSA1165 
(ABRC acc. Nr. CD3-450; Atkinson et al., unpublished), which in turn is derived from pCAMBIA 
1200. This vector allows easy cloning of a construct expressing an RNA hairpin driven by the 35S 
promoter. The aquaporin sequences used in making the constructs were amplified from the NtPIP1;1 
and NtPIP2;1 cDNAs, using primers NtPIP1ahps (5’-GGACTAGTGGCGCGCCTGTTTACTGTACT
GCTGGTA-3’) and NtPIP1ahpas (5’-TAGGATCCATTTAAATGCTCCAAGACTCCTGGCAGG-3’) 
for the PIP1 fragment and NtPIP2ahps (5’-GGACTAGTGGCGCGCCCTGGTATCTCTGGAGGA
CATA-3’) and NtPIP2ahpas (5’-TAGGATCCATTTAAATGGGGTTGCTGCGGAAAGAAC-3’) for 
the PIP2 fragment. These primers introduce the restriction sites SpeI and AscI on the 5’ end and SwaI 
and BamHI on the 3’ end of the PCR product. Digestion of the PIP1 or PIP2 PCR products with SpeI 
and BamHI produced the antisense arm of the hairpin, which was cloned into the pGSA1165 SpeI and 
BamHI sites that are located before the GUS spacer. To increase the silencing efficiency (Smith et al., 
2000), the GUS spacer was replaced by the chalcone synthase intron of vector pFGC5941 (ABRC acc. 
Nr. CD3-447; Atkinson et al.), using the restriction enzymes SwaI and BamHI that flank both fragments. 
Finally, the sense arm of the hairpin was produced by digestion of the PIP1 and PIP2 PCR products 
with AscI and SwaI followed by ligation into the AscI and SwaI sites that were now located behind 
the chalcone synthase intron. The resulting vectors were then used to obtain plants displaying RNAi of 
PIP1 or PIP2 aquaporins. For the stigma specific silencing of PIP1 aquaporins, a 1.6 kb fragment of the 
PPAL promoter (Pezzotti et al., 2002) was amplified using the primers PPALBglII (5’-GAAGATCTGA
GCACTTTTTATTTAACACATCCG-’3) and PPALXhoI (5’-CCGCTCGAGATGATAAACTAAACAT
AGCA-3’) and used to replace the 35S promoter after digestion with BglII and XhoI. 
 Agrobacterium tumefaciens LBA4404 cells were transformed with 1 μg vector DNA using 
freeze-thaw transformation (Chen et al., 1994). Colonies resistant to the kanamycin selection were 
additionally tested for the presence of a transgene by PCR.  Tobacco leaf discs were transformed as 
described by Horsch et al (1985).
Protein isolation and western blot analysis
Proteins of the desired tissues and stages were homogenized in homogenization buffer (330 mM 
sucrose, 100 mM KCl, 1 mM EDTA, 50 mM Tris, 0.05% MES, 5 mM DTT, Complete® proteinase 
inhibitor cocktail (Roche Mannheim), pH 7.5). The homogenate was centrifuged at 1000g for 15 
minutes to collect cells and debris, and the supernatant was centrifuged at 10000g for 15 minutes to 
collect the large cellular organelles. Finally, the microsomal fraction was pelleted by centrifugation at 
20000g for 75 minutes. The microsomal pellet was dissolved in membrane buffer (330 mM sucrose, 
200 mM DTT, 25 mM Tris, pH 8.5).
 For the western blot, protein samples were prepared in the presence of 50 mM ethanedithiol. 
15 µg of proteins were separated by 12% SDS-PAGE. The proteins were electroblotted onto a 
nitrocellulose membrane in 39 mM glycine, 48 mM Tris base, 0.037% SDS, 20% methanol, pH 8.3. 
For detection, the membranes first were blocked in blocking buffer (5% non-fat dried milk in PBT) 
for two hours, after which they were incubated for two hours with either the PIP1 immune serum (1:
1000 in blocking buffer) or the PIP2 immune serum (1:500 in blocking buffer). The PIP1 immune 
serum was obtained from Eurogentec and produced by immunization of rabbits with the peptide 
H2N-AENKEEDVNLGANKYRE-CONH2, while the PIP2 immune serum was produced in the same 
way using the peptide H2N-QQHGKDYVDPPPAPLC-CONH2. After incubation with the primary 
antibody, the membranes were rinsed and incubated with horse-radish-peroxidase conjugated goat 
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anti-rabbit antibody (Pierce) 1:20000 in blocking buffer for one hour. All incubations were performed 
at room temperature. The membranes were developed using SuperSignal West Pico Chemiluminescent 
Substrate (Pierce) according to the manufacturer’s protocol and exposed to Kodak X-omat AR 
Scientific Imaging Films. Autoradiograms were digitized and the contrast and brightness were adjusted 
with Adobe Photoshop. 
Root length determination
Transgenic and control seeds were sown on 0.3% phytagel containing 1⁄2 MS salts and no antibiotics in 
large petri dishes at an angle of 80°. After two weeks, the petri dishes were scanned and the root lengths 
were measured using the Adobe Photoshop and analyzed using GraphPad Prism software. 
Anther dehiscence analysis
Transgenic and control plants were grown in the growth chamber until they started flowering. Anther 
dehiscence was analyzed by picking all flowers of stages 11 and 12 from each plant, and counting the 
number of dehisced and non-dehisced anthers in these flowers. The flowers were picked daily on the 
same time and the analysis continued at least 5 days or until sufficient flowers were analyzed.
NMR spectroscopy
1H-NMR is a powerful technique to study the amount and physical state of water in living organisms 
(Callaghan, 1993). Water relations in biological materials are reflected in the magnetic resonance 
relaxation behavior of protons. Two types of relaxation processes can be distinguished experimentally: 
longitudinal or spin-lattice relaxation characterized by relaxation time T
1
, and transverse or spin-spin 
relaxation characterized by relaxation time T
2
.  They are related to molecular mobility’s in a system: 
for fast motions (pure water) T
1
 and T
2
 are equal. As the molecular mobility decrease both T
1
 and 
T
2
 decrease. However, for slow motion T
1
 starts to increase again, whereas T
2
 continues to decrease 
as the motion becomes increasingly slower. These values are affected by solutes present and their 
concentration.  There is also a relation between T
2
 and compartment size (Brownstein and Tarr, 1979). 
This relation can be used to determine compartment sizes and water permeability of membranes 
between the compartments in living cells (Snaar and Van As, 1992, 1993; van der Weerd et al., 2001, 
2002). In NMR experiments the relative abundance (amplitude) of each component, characterized by 
given values of T
1
 and T
2
, can be determined also, which is directly related to the amount of protons 
present in that fraction. Since in plant tissue the proton signal is dominated by water protons, the NMR 
signal amplitude is proportional to the water content (Donker et al., 1997). Because NMR is a non-
destructive technique, it allows obtaining both structural and dynamical information about the water 
state in the same organism or population of organisms. Till now very few studies have employed NMR 
or EPR techniques to study the water state in pollen grains (Dumas et al., 1983; Kerhoas et al., 1986, 
1987; Buitink et al., 1998, Wolters-Arts et al., 2002).
 T
2
 relaxation times were measured using a CPMG sequence on a 0.7 T (31 MHz) pulse NMR 
spectrometer (MARAN Ultra, Resonance Instrument Ltd.). The decay due to relaxation was detected 
with a train of 2048 echoes with an inter-echo time of 600 µs. Each echo was eight times over-sampled, 
with 50 µs between the data points per echo resulting in a spectral width of 20 kHz. The decay was 512 
times averaged and the time between successive repeats was 3.8 seconds. One measurement took 32 
minutes. Anthers were placed in a 5 mm NMR tube and measured during approximately 20 hours. All 
measurements were performed at 21°C. After phase correction, the real part of the data was analysed 
by a multi-exponential non-linear least square fit as implemented SPLMOD (Provencher and Vogel, 
1983).
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Abstract
In sexual plant reproduction, fertilization can only occur when a pollen tube has 
delivered the male gametes to the ovule. Pollen tube extension is rapid and depends on 
various cellular mechanisms to occur efficiently. One of the processes that are likely to 
take place during pollen tube growth is the uptake of water to allow increases in tube 
volume. As pollen tubes are completely isolated from their surroundings by the plasma 
membrane, we have analyzed if aquaporins could play a role in this process. Here, we 
present data indicating that aquaporins may play a role in efficient pollen tube growth 
in the pistil.
Introduction
Sexual reproduction in higher plants is initiated by meiosis and the formation of the male 
gametophytes, the pollen grains. At maturity, pollen grains are dehydrated and consist of 
a large vegetative cell and either one small generative cell or two sperm cells, which are 
enclosed in the vegetative cell. After pollination, pollen grains deposited on the stigma, 
the receptive surface of the pistil, can rehydrate and germinate, producing a pollen tube. 
This cellular extension will grow through the sporophytic tissues of the pistil to deliver the 
sperm cells to the female gametophytes. Pollen tube growth has been mostly studied using 
in vitro grown tubes, which are an excellent model system in spite of their slower growth as 
compared to growth in vivo (Taylor and Hepler, 1997).
The growth of pollen tubes is coupled to the presence of cytosolic ion gradients and 
transmembrane ion fluxes. The importance of the calcium flux and intracellular gradient is 
indicated by the observation that disturbances in either one invariably lead to cessation of 
pollen tube growth, and vice versa (Pierson et al., 1994, 1996; Holdaway-Clarke and Hepler, 
2003). For long it has been known that acidic conditions stimulate pollen tube growth in 
most species (Holdaway-Clarke and Hepler, 2003). Protons are continuously taken up at 
the pollen tube tip, but like calcium-influx the rate of proton-influx correlates with growth. 
Intracellularly, the low pH at the tip increases towards the base of the pollen tube. In addition 
to these two important ions, potassium and large chloride fluxes also oscillate during pollen 
tube growth. Chloride fluxes, in contrast to other ion fluxes, oscillate in phase with pollen 
tube growth, showing a maximal efflux on the moment of highest pollen tube growth 
(Holdaway-Clarke and Hepler, 2003). This, and the observation that chloride fluxes are much 
larger than that of any other ion, indicates that this ion could perform a key role in regulating 
pollen tube growth (Holdaway-Clarke and Hepler, 2003). The role of chloride ions in pollen 
tube growth may be associated with regulation of hydraulics and turgor pressure, as blocking 
putative chloride channels results in arrest of pollen tube growth and swelling of the tube tip 
(Zonia et al., 2002).
 It is clear that the roles of these ions in pollen tube growth are important, but 
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it is not fully understood how they carry out their functions. By contrast, the role of 
boron is better understood and seems to be restricted to the cell wall, where it cross-links 
rhamnogalacturonan II molecules and thereby participates in establishing the wall structure 
(O’Neill et al., 2001). 
 Little attention has been given to the water uptake during pollen tube growth. Water 
uptake by pollen tubes has not been directly shown, but it is a likely assumption as growth 
is usually associated with increases in the volume of the cytosol and vacuole. For a tobacco 
pollen tube with a length of 4 cm, the total volume would be 30000 times larger than that 
of a hydrated grain. In addition, turgor pressure seems to be required for growth and should 
therefore be maintained (Holdaway-Clarke and Hepler, 2003). Water movement between 
cells is thought to occur through aquaporins, a class of proteins that form water permeable 
channels in biological membranes (Maurel et al., 2002). In tissues, hydraulic continuity is 
established through plasmodesmata and aquaporins may play an accessory role in water 
movement. However, pollen tube tips are isolated by their plasma membranes and cell walls, 
leaving aquaporins as a likely candidate for regulating water uptake. Interestingly, recently 
the possible role of aquaporins in the uptake of boric acid was reported (Dordas et al., 
2000).
To analyze the possible functions of aquaporins in water and boric acid uptake 
during pollen tube growth, we have generated transgenic tobacco plants carrying an RNAi 
construct to silence either PIP1 or PIP2 aquaporins. Likewise, transgenic plants expressing 
an antisense copy of a part of a NIP aquaporin were regenerated. Preliminary results of these 
plants indicate that PIP2 and NIP aquaporins possibly play a role during tobacco pollen tube 
growth.
Results
PIP and NIP aquaporin subfamilies are expressed in pollen and pollen tubes
RT-PCR reactions with PIP- and NIP-specific primers on tobacco pollen and pollen tube 
RNA resulted in amplified DNA fragments of the expected size, but similar reactions using 
TIP-primers produced no amplified DNA products (data not shown). In all cases, the dry 
Figure 1: Northern blot analysis of NIP accumulation in anther and pollen RNA. 10 
μg RNA was loaded in all the lanes and probed with a full-length NIP cDNA. Mp: 
mature pollen; Pt: pollen tubes; numbers indicate developmental stages according to 
Goldberg (1988).
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pollen and pollen tube RNA samples gave identical results. The amplified fragments were 
cloned and sequenced, and tBlastx-database searches revealed that the product of the PIP-
specific primers showed strong homology to a PIP1 homologue from Nicotiana excelsior. 
The product from the NIP-specific primers was found to be similar to aquaporins of the 
NIP-subfamily, but was most homologous to a Nicotiana alata pollen specific putative 
MIP. Previously we characterized aquaporins of the PIP subfamily and found that they were 
expressed in various organs and tissues, including pollen (Chapter 3, this thesis). To study if 
the NIP-fragment was transcribed from a pollen specific gene, a corresponding cDNA was 
obtained isolated from a cDNA-library made of pollinated pistils and was used for northern 
blot experiments. The results of the northern blots, shown in figure 1, indicated that mRNA 
was detected in anther samples at late stages of development, and in pollen samples.  
Pollen tubes from transgenic plants grow normally in vitro
Preliminary experiments indicated that in vitro growth of tobacco pollen tubes could be 
inhibited by the addition of mercury, a known inhibitor of aquaporins (Daniels et al., 1996), 
suggesting a possible role for these proteins in pollen tube growth. However, because the 
inhibition effect was not reversible, it remained unclear whether it was caused by inhibition 
of aquaporins or by general toxicity of the mercury. To study more directly if PIP aquaporins 
are involved in pollen hydration or pollen tube growth, we set to silence these proteins 
in pollen and pollen tubes by RNAi. To this end, we transformed tobacco leaf discs with 
a construct that expressed a PIP1 or PIP2 hairpin RNA driven from the tobacco pollen 
specific promoter NTP303 (Weterings et al., 1995). Transgenic plants were grown in the 
greenhouse and analyzed for the number of transgene copies by Southern analysis. Because 
we previously found that PIP aquaporins are expressed in dry pollen grains and pollen tubes 
at a level too low to be detected on northern blots, we disregarded the level of expression and 
silencing and directly analyzed the pollen phenotype of all plants containing a single insert. 
Pollen was collected and grown in vitro in liquid media containing variable concentrations of 
boric acid and sucrose (see materials and methods). Table 1 shows germination rates of wild 
type and transgenic pollen in media with or without sucrose, and indicates that germination 
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rates of all transgenic pollen grains are 20-50% lower than those of wild type. No differences 
were observed between wild type and transgenic pollen tubes after 1 hr (data not shown) or 4 
hrs (table II) of growth in the presence of variable concentrations of boric acid.
Pollen tube failure by aquaporin silencing
It is possible that, although pollen tube growth in vitro is similar to that of wild type during 
the first 4 hours of growth, differences in growth rates between wild type and transgenic 
pollen tubes occur at later stages of pollen tube growth. Alternatively, aquaporins may only 
be necessary for pollen tube growth in the pistil, and not for in vitro growth. We used the 
segregation of the Kanamycin resistance gene (KanR ) in progeny as a measure of pollen 
tube performance and tested these possibilities by analyzing the transmission of KanR after 
selfings of the transgenic plants or after backcrosses to wild type pistils. The results are 
shown in table III and IV, and indicate that in various lines KanR segregation ratios differ 
significantly from expected. 
Analysis of the primary transformants carrying a NIP-fragment in antisense 
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orientation revealed no clear differences with wild type plants with respect to appearance, 
growth rates, or fertility. However, analysis of KanR segregation in the progeny of the 
primary transformants, shown in table IV, indicated that 3 out of 6 independently generated 
transgenic lines showed segregation ratios that differed significantly from the expected ratio 
for a single transgene locus.
Discussion
In sexual plant reproduction, pollen hydration and pollen tube growth are crucial events, 
which must proceed efficiently to reach fertilization. Pollen hydration occurs after deposition 
on the stigma, and requires lipids of the pollen coat or stigmatic exudate to proceed correctly. 
Pollen tube growth is a complex process that is dependent on various mechanisms and 
that is likely to involve uptake of water for the increase of the pollen tube cytoplasm and 
maintenance of turgor. To date, it is unclear how water enters the pollen grain during 
hydration or the pollen tube during growth in the pistil, and we have performed a preliminary 
analysis of the roles that aquaporins may play in regulating these water fluxes. Here, we 
present results that indicate that aquaporins of the PIP and the NIP subfamilies could play a 
role in regulating water movement during pollen germination and pollen tube growth.
 Using a PCR based strategy we determined the presence of aquaporins of the PIP 
and NIP subfamilies in mature dry pollen grains and pollen tubes grown in vitro (data not 
shown). Identical reactions with primers targeted against TIP aquaporins failed to produce 
amplified DNA products. However, as the TIP subfamily is rather diverged, this does not 
necessarily indicate that they are absent in pollen grains and tubes. On the contrary, micro-
array experiments in Arabidopsis have indicated that, in this species, aquaporins of the PIP 
and TIP subfamilies are expressed in growing pollen tubes (Becker et al., 2003). 
 We used a transgenic approach to study the putative function of aquaporins in pollen 
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tube performance. Pollen grains from our transgenic plants showed no differences in in vitro 
hydration rates (data not shown), corroborating the idea that this process involves bulk flow 
of water over a semi crystalline membrane (Hoekstra et al., 2001) and can proceed without 
aquaporins. However, pollen hydration in vitro may differ from in vivo situations, and it 
cannot be excluded that aquaporins play a role in this process when it occurs on the stigma. 
By contrast, transgenic pollen did show lower germination rates than wild type pollen grains 
in vitro (table I). Interestingly, the deviation from wild type germination rates is larger when 
pollen is germinated in medium containing 10% sucrose than in medium without sucrose. 
The sucrose in the medium serves as an osmoticum, and it is possible that in its absence 
the osmotic gradient between the pollen cytoplasm and the medium is big enough to allow 
sufficient water influx, even in the absence of aquaporins. In media containing sucrose the 
osmotic gradient is expected to be lower, and may be too small for sufficient water influx to 
support germination when aquaporins may be absent. Contrary to germination, pollen tube 
growth after 1 or 4 hrs of in vitro growth displayed no differences between wild type and 
transgenic pollen in any of the media used (table II). It must be noted that the transgenic 
plants used in these experiments are not homozygous, and therefore at least 50% of the 
pollen grains in the samples analyzed are expected to be wild type. One explanation for the 
discrepancy between the results of pollen germination rates and pollen tube lengths may 
therefore be that most of the growing pollen tubes measured in the transgenic samples in fact 
are wild type. In addition, these results may indicate that PIP aquaporins are not involved in 
boric acid uptake of growing pollen tubes.
 One of the effects of downregulation of genes that play a role in pollen hydration 
or tube growth may be a decreased competitive ability to grow in the pistil (Mayfield and 
Preuss, 2000; Mouline et al., 2002). KanR segregation analysis of selfings and backcrosses 
of the transgenic plants containing a single T-DNA insert revealed that line PIP2-2 showed a 
consistent deviation of the expected segregation ratios. These preliminary results suggest that 
PIP2 may play a role in pollen tube growth.
 In addition to aquaporins of the PIP family we isolated an aquaporin sequence of 
the NIP subfamily. Three observations indicate that the NIP-fragment may be derived from a 
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pollen specific gene. First, sequence analysis revealed that it is very similar to a pollen specific 
gene from the closely related species Nicotiana alata. Secondly, northern analysis revealed 
that the expression pattern of the NIP gene during anther development is similar to that of the 
late pollen specific class of genes (Mascarenhas, 1993). Finally, the expression level observed 
is similar in dry pollen and anther. The possibility that the NIP gene is specifically expressed 
in pollen grains and tubes is in agreement with the lack of any morphological phenotype in 
plants expressing an NIP-antisense sequence from the CaMV 35S promoter. However, KanR 
segregation analysis revealed that 3 of the 6 lines analyzed showed segregation ratios that 
differed from expected, indicating that also NIP aquaporins may play a role in pollen tube 
growth. However, these results should be considered as preliminary, because the segregation 
analysis was performed on T1 plants and the effect of the silencing is not known.
 Taken together, we have performed a preliminary analysis of the roles of plant 
aquaporins in pollen tube growth. Although far from conclusive, our results suggest that 
aquaporins of the PIP and NIP subfamilies could be involved in pollen germination and tube 
growth in the tobacco pistil.
Materials and methods
Plant growth conditions
Wild type tobacco (Nicotiana tabacum cv. Petit Havana SR1) plants were grown under standard 
greenhouse conditions. Transgenic seeds were sown on MS medium containing 200 mg/l kanamycin 
to select for the presence of the transgene. After selection, resistant seedlings were grown in a growth 
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chamber with 16 hrs light at 22 ºC (?). Flower stages were determined according to Goldberg (1988).
Transgene construction and plant transformation
The constructs that we used to induce RNAi of PIP aquaporins were based on previously described 
vectors (Chapter 5, this thesis), which contained PIP1 or PIP2 sequences orientated as an inverted 
repeat and the CaMV 35S promoter. To direct expression of the transgene to pollen and pollen tubes, the 
CaMV 35S promoter was replaced by 650 base pairs of the NTP303 promoter, which were amplified 
with the primers NTP303Bgl (5’ AAT TAG ATC TAA GAT ACA CTC GCA ACG TGT GTA TCC TAA 
AAC TAC 3’) and NTP303Xho (5’ AAT TCT CGA GTT TTA CTC TCA CAA GAA GAA 3’).  
The construct to silence NIP aquaporins was based on the vector 35S303 5’/303 3’ (Hulzink et al., 
2002). 
 Agrobacterium tumefaciens LBA4404 cells were transformed with 1 μg vector DNA using 
freeze-thaw transformation (Chen et al., 1994). Colonies resistant to the kanamycin selection were 
additionally tested for the presence of a transgene by PCR.  Tobacco leaf discs were transformed as 
described by Horsch et al (1985).
Pollen germination and pollen tube growth
Mature pollen grains were obtained from in vitro dehisced anthers of wild type and transgenic plants. 
0.2 mg of pollen was germinated in a microtiter plate in 100 μl liquid medium that contained 0 or 10% 
sucrose (w/v) and varying concentrations of boric acid (0, 0.001, 0.01 or 0.1 % (w/v)) by incubation 
at 28°C. For the analysis of pollen germination efficiency or the measurement of pollen tubes, pollen 
were fixed by the addition of 0.75% formaldehyde to the medium and 100 μl pollen containing medium 
was observed by light microscopy. Photography occurred with a Leitz Orthoplan (Leica Microsystems 
GmbH, Wetzlar, Germany) microscope equipped with a Color Coolsnap digital camera (Roper 
Scientific, Tucson, AZ) and the MetaVue (Universal Imaging Corporation, West Chester, PA) software. 
Pollen tubes were measured with the Metavue software. Pollen germination was scored positive when 
a tube was present that was longer than the diameter of a hydrated pollen grain.
KanR segregation analysis
Flowers were pollinated at maturity and allowed to set seed. Mature dry seed was collected and 
sterilized by successive washing with 10% bleach, sterile water (twice), 70% ethanol and sterile water 
(twice). Seeds were grown on MS-medium containing 3% sucrose and 200 μg/ml kanamycin at 25°C. 
Resistant and sensitive seedlings were counted after three weeks.
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Introduction
Sexual reproduction in higher plants is complex and involves production of the male and 
female gametophytes, transfer of the male gametophytes from the anther to the stigmatic 
surface and pollen tube growth through the pistil, followed by fertilization. These processes 
require, at various moments, mutual interactions between cells of the sporophyte and of 
cells of the sporophyte with the gametophyte. During anther development, for example, 
several tissues must degenerate in a specific order to enable dehiscence (Beals and Goldberg, 
1997). On the stigma, pollen hydration may be tightly controlled to prevent fertilization 
by genetically closely related plants or by other species (McCubbin and Kao, 2000). One 
specific example of cellular interaction is movement of water, which plays an important role 
in certain aspects of sexual reproduction. Movement of water through cells and tissues can 
occur through the cell wall, following the apoplastic pathway, or through cells following the 
symplastic pathway or the transcellular pathway (Steudle, 2000). Although water movement 
following the apoplastic or symplastic pathway may be relatively uncontrollable, the 
transcellular pathway has been shown to be regulated by aquaporin proteins (Maurel and 
Chrispeels, 2001). Aquaporins have been shown to be expressed in all plant parts, including 
flowers of Arabidopsis and Brassica (Ruiter et al., 1997; Marin-Olivier et al., 2000; Dixit et 
al., 2001). However, the exact roles of these proteins in sexual reproduction are not clear. 
One other class of proteins that may have a role in regulating the movement of water is the 
oleosin-like proteins present in the pollen coat of the same plants (Mayfield and Preuss, 
2000). By contrast, very little is known about the regulation of water movement in species 
with wet type stigmas. The aim of this thesis is to analyze proteins that may play a role in 
water movement during sexual reproduction in tobacco, a species with a wet type stigma.
Water movement during anther development
The anther is the floral organ that produces the male gametophytes. Water movement in this 
organ occurs at various points in development, starting with the influx of water in young 
anthers to allow growth. Our analyses revealed that in anthers at developmental stage 2, 
aquaporins of both PIP subfamilies are present in most cell types, but not in the cells of the 
epidermis (Chapter 4). Between developmental stages 2 and 5 anthers enlarge. Cell size 
measurements revealed that cells of the connective and anther wall, which accumulate both 
classes of PIPs, also enlarge between these stages, whereas cells of the epidermis do not. 
Thus, cell enlargement during anther development is correlated with aquaporin expression, 
and this observation corroborates the idea that aquaporins are involved in regulating cell 
sizes and growth. It appears that the roles of PIP1 and PIP2 aquaporins in cell enlargement 
may be complementary, because anthers of transgenic plants impaired in PIP2 expression 
were of similar sizes as wild type (chapter 5).  
 Water movement also occurs later in anther development, when the anther 
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dehydrates as part of the dehiscence program and at the same time pollen grains dehydrate 
(Keijzer, 1987; Bonner and Dickinson, 1990; Koltunow et al., 1990; Ruiter et al., 1997). In 
tomato, it was suggested that water moves out of the anther via the vascular bundle following 
an osmotic gradient, but in other species evaporation may play a significant role in anther 
dehydration (Keijzer, 1987; Bonner and Dickinson, 1990). Also in tomato evaporation plays 
a role, but here it appears to be restricted to the dehydration of pollen, which only fully 
completes after opening of the anther and exposure of the pollen grains to air. However, 
whether dehydration occurs via the vascular system or through evaporation, it is likely that 
aquaporins could facilitate the process by increasing the hydraulic permeability of the anther 
cells. In Brassica aquaporins of the PIP1 subfamily have been identified that are expressed 
with increasing strength during anther development and whose expression can be induced 
by artificially imposed drought (Ruiter et al., 1997). Similar increases were not observed 
when other Brassica tissues were exposed to drought, suggesting that this response is specific 
in anther and pollen dehydration. In tobacco, we found aquaporins with similar expression 
patterns in anthers, but they belong to the PIP2 subfamily, whereas PIP1 aquaporins were 
most strongly expressed early in anther development (Chapter 3). Localization studies have 
revealed that the PIP2 proteins are present in the dehydrating tissues of maturing anthers, 
and may have a role in anther dehydration before dehiscence (Chapter 4). Analysis of 
transgenic plants impaired in PIP2 expression has shown that such a role indeed exists, as 
anthers of these plants dehydrate more slowly than wild type and display delayed dehiscence 
(Chapter 5). Therefore, the function of the PIP2 proteins may be identical to the proposed 
function of PIP1 proteins in Brassica anthers, which would indicate that PIP1 and PIP2 
proteins may perform the same function in anther dehydration in different species. Based 
on the interpretation of our results and on data in the literature, a model can be formed that 
describes the mechanism of anther dehydration prior to dehiscence. According to this model, 
dehydration in tobacco starts when hydraulic continuity is established throughout the anther, 
by the degeneration of the tapetum and by the expression of PIP2 proteins. Concurrently, 
an osmotic gradient is formed in the anther that will draw the water to the vascular bundle 
and out of the anther. It should be noted that evidence for the formation of such a gradient 
is available for a number of species, but was never investigated for tobacco (Bonner and 
Dickinson, 1990; Stadler et al., 1999; Pressman et al., 2002). 
 Anther and pollen dehydration are intimately connected. However, the gametophytic 
Raring-to-go mutant of Arabidopsis indicates that the pollen grain itself can control its own 
dehydration (Johnson and McCormick, 2001). In addition, the observation that Raring-to-go 
anthers dehisce normally indicates that the processes of anther and pollen dehydration can be 
separated. One possibility would be that aquaporins play a role also in pollen dehydration. 
Our results indicate the presence in dry pollen of aquaporins of the PIP and NIP subfamilies, 
and based on abundance, the NIP aquaporins seem a better candidate for this function 
(Chapters 3 and 6).
 Together, our results indicate that aquaporins of the PIP family may perform diverse 
functions in anther development. Expression and localization of PIP1 and PIP2 proteins in 
young anthers suggests a function for these proteins in growth. Furthermore, the analysis 
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of plants displaying RNAi of PIP2 proteins indicates that they play a role in dehydration 
and dehiscence. However, because water movement across the plasmamembrane is driven 
by osmotic gradients, aquaporins have an accessory role in generating the water fluxes 
needed for growth or dehydration. This may be the main reason why growth is normal and 
dehiscence still occurs in transgenic plants.
Water movement during pollen-pistil interactions and pollen tube growth
When a dehydrated pollen grain lands on a stigma it rehydrates with water drawn from the 
cells of the secretory zone. It is thought that pollen hydration initially involves bulk water 
flow over a semi crystalline membrane and is thus independent of the proteins that are 
present in that membrane (Hoekstra et al., 2001). This is in agreement with the observation 
that pollen of transgenic plants containing constructs designed to silence aquaporin proteins 
hydrate similarly to wild type pollen (chapter 6). In Arabidopsis it has been shown that 
oleosin-like proteins that are present in the pollen coat are required for the fast initiation of 
hydration (Mayfield and Preuss, 2000). The tobacco pollen coat is less extensive than that of 
Arabidopsis, but still proteins can be isolated from the surface of tobacco pollen. However, 
these proteins are not similar to Brassica pollen coat proteins, and in addition no oleosin-like 
genes are expressed in the tobacco anther and stigma (chapter 2). This could indicate that 
in tobacco pollen hydration may be regulated by other molecules, or that the oleosin-like 
proteins of the Arabidopsis pollen coat may be involved in the tighter control of regulation 
that is found in this plant.
 After hydration, pollen germinates and forms a pollen tube that grows through the 
tissues of the pistil towards the ovule. Because germination and tube growth is associated 
with increases in cytoplasmic volume, pollen tubes are expected to take up water from 
the surrounding tissue. In tissues, water movement can occur through plasmodesmata, but 
pollen tubes are completely enclosed by their plasmamembrane, and it is therefore possible 
that plasmamembrane aquaporins play a major role in water uptake. Analysis of pollen 
germination and tube growth in transgenic plants expressing pollen-specific RNAi constructs 
designed to silence PIP aquaporins revealed that germination rates were lower, but pollen 
tube growth in vitro was similar to wild type (chapter 6). In addition, preliminary KanR 
segregation analysis revealed that one plant showed consistent deviation from the expected 
ratios, suggesting that PIP2 aquaporins may contribute to efficient pollen tube growth in the 
pistil.
 In addition to PIP aquaporins, we isolated an aquaporin of the NIP subfamily. 
The first NIP to be analyzed, NOD26, was expressed in the peribacteroid membrane of 
root nodules (Fortin et al., 1987), but otherwise the localizations of NIP aquaporins remain 
unknown. Our results indicate that the NIP aquaporin may be a late pollen gene, which could 
function during pollen tube growth in the style. Preliminary segregation analysis of plants 
expressing a 35S driven NIP antisense fragment is indicative of such a function (chapter 6).
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 Although it seems evident that water uptake is required for pollen tube growth, it is 
unknown how it occurs and how it is regulated. It is firmly established that pollen tube growth 
is dependent on ionic fluxes that take place in an oscillatory fashion, but the exact roles of 
these fluxes are not yet fully understood. Recent results in the fields of pollen tube growth 
research and aquaporin research have revealed a possible mechanism by which pollen tubes 
could regulate water uptake through the modulation of aquaporin function. Aquaporins that 
function in root water uptake have been shown to be sensitive to cytoplasmic pH (Tournaire-
Roux et al., 2003), with pH values of 6 resulting in a four-fold lower water permeability than 
pH values of 7. This pH-dependence is governed by a histidine residue conserved in all PIP 
aquaporins. In pollen tubes, one of the ions that show oscillatory fluxes is H+, and it has been 
suggested that these fluxes may result in a change in pH that is located at the pollen tube tip 
(Holdaway-Clarke et al., 2003). H+-influx oscillates with the same frequency as pollen tube 
growth, but in a different phase. Assuming that the influx of H+ ions is sequestered quickly to 
prevent progressive cytosolic acidification, local pH should be lowest when the influx of H+ 
ions is highest, and inversely. Plasmamembrane aquaporins present in the pollen tube would 
be more active when the pH is higher, which is in the period before and after lowest H+ influx 
(Figure 1). Interestingly, if this is true, it would imply that aquaporins are more active when 
the pollen tubes grow fastest. In addition, this phase in pollen tube growth is correlated with a 
Figure 1: Schematic overview of fluxes of Cl- and H+ ions during three pollen tube 
growth rate oscillations. Indicated are the possible effects of the fluxes on pH, and the 
putative effect of changes in pH on the activity of aquaporins.
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vectorial flux of Cl- ions that traverse the pollen tube tip (Zonia et al., 2001), and the presence 
of this ion may represent the osmotic force that pulls water into the pollen tube cytoplasm. 
Taken together, the putative regulation of pollen tube aquaporins by pH could connect the 
roles of H+ and Cl- fluxes in pollen tube growth, and may explain why H+ influx occurs out of 
phase with pollen tube growth oscillations.
Conclusion
Summarizing, it may be concluded that movement of water is an important issue in sexual 
reproduction. This thesis describes experiments conducted to analyze the role of oleosin-like 
proteins and aquaporins in this process in tobacco. The results indicate that aquaporins are 
present in tobacco anther and stigma and may perform a role in cell enlargement, dehydration 
and pollen tube growth. However, further experiments are required to fully understand the 
process of water movement. These experiments should include the analysis of proteins that 
may be responsible for the generation of osmotic gradients. In addition, our results provide 
insight in the redundant and non-redundant functions that PIP1 and PIP2 proteins have in 
anther development.
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Summary
Summary
This thesis describes experiments performed to investigate the role that two different protein 
families play during reproduction in tobacco. As plants cannot move, reproduction is 
difficult: it is for example not possible to go and find a suitable mate. Instead, sperm cells are 
transported to the female reproductive organs in pollen grains, which develop in the anther. 
During the period of transfer to the stigma, pollen grains of most angiosperm species are 
dehydrated and only contain 30% water. This adaptation, among others, enables the pollen 
grains to remain viable, even when exposed to the atmosphere for longer periods. Sucrose 
is present in the pollen grains of some species, for example, to protect the membrane from 
damage formed during dehydration. When a pollen grain has reached a compatible stigma, 
hydration occurs by uptake of stigmatic water. In some species hydration is tightly controlled 
to prevent both pollen grains with an identical genetic background and pollen from different 
species from forming a pollen tube. In other species, like tobacco, this regulation is less strict. 
When pollen grains are completely hydrated, a pollen tube can be formed that will deliver the 
sperm cells to the ovary, where fertilization occurs.
 Water is required for the hydration of pollen grains, and it is reasonable to assume 
that it is required also during pollen tube growth in the pistil. However, transport of water is 
also important during development of the pollen grains in the anther. Mature pollen grains 
contain little water during transfer because they dehydrate in the last phase of development. 
Concurrently with the pollen grains, the anther itself also dehydrates. This may generate a 
force on the anther walls, causing it to open at dehiscence, releasing the pollen grains, so that 
pollination can take place.
 Recently, a class of proteins called aquaporins has been found that forms water 
channels in cellular membranes. As the transport of water appears important for successful 
reproduction, and because reproduction is crucial for the existence of a species, we have 
analyzed the role of aquaporins in tobacco reproductive processes.
 Chapter 1 gives an overview of reproductive processes of angiosperm plants, 
and introduces the aquaporin protein family. Aquaporins form water channels in cellular 
membranes, which results in a hydraulic connection between two biological compartments. 
Aquaporins are found in plants, animals and microorganisms, but plants contain relatively 
more aquaporin genes than other species. These plant aquaporins can be divided in four 
families: PIP, TIP, NIP and SIP. Although aquaporins have first been identified as water 
channels, some aquaporins are known to allow the movement of small neutral solutes, ions 
or even gasses like CO
2
. Aquaporins have various functions in plants, including water uptake 
through roots, but they also play a role in stress responses. 
 In chapter 2 the presence of oleosins on the surface of tobacco pollen or in the 
tobacco stigma is analyzed. In Arabidopsis, these proteins function in the regulation of 
pollen hydration on the stigma. In our experiments we have used a biochemical and a 
molecular approach to detect oleosins. The results indicate that, although we could detect 
DNA sequences with homology to oleosins, no oleosin-like mRNAs or proteins are present 
in the reproductive organs of tobacco. A possible explanation for this observation is that, on 
110 111
the tobacco stigma, pollen hydration is controlled by different proteins.
 Chapter 3 describes the isolation and characterization of aquaporin homologues. 
Using two different methods, we isolated 15 aquaporin homologues belonging to the PIP 
and NIP families. Because the PIPs are the largest family in Arabidopsis, and because they 
are present in the plasmamembrane, we focused on these aquaporins. Expression studies on 
RNA and protein levels indicated that PIP1 is predominantly expressed in the stigma and 
PIP2 in the anther. In pollen grains PIP expression is low and could only be detected by RT-
PCR. The full length sequences of two cDNA clones were determined and their function was 
tested in Xenopus laevis oocytes, which demonstrated that in this system the PIP2 homologue 
NtPIP2;1 forms a more efficient water channel than the PIP1 homologue NtPIP1;1.
 To gain more insight in the possible functions of aquaporins in the tobacco anther 
and stigma, we studied the localizations of PIP1 and PIP2 in these organs (chapter 4). PIP1 
mRNA is detected in the neck-cell region of the stigma, and not near the surface where the 
pollen grains hydrate and aquaporins would be expected. In young anthers, PIP1 and PIP2 
RNA can be detected in most tissues that compose it, but subtle differences can be found 
between the localization patterns. This could indicate that PIP1 and PIP2 aquaporins perform 
different functions in anther development. When analyzing the localization patterns of 
PIP2 proteins during anther development, it became clear that PIP2 expression is regulated 
both temporally and spatially. Interpretation of the localization data allowed a model to be 
put forward that describes the dehydration of the anther prior to dehiscence. According to 
this model, dehydration is accomplished by an increase in hydraulic continuity though the 
expression of aquaporins, and the presence of an osmotic gradient that forces the water out of 
the anther.
 A more thorough analysis of the roles of PIP2 aquaporins in the anther is described 
in chapter 5. Transgenic RNAi plants have been produced that are impaired in the expression 
of PIP2 aquaporins. Analysis of these plants indicated the presence of a longer primary root 
than in controls. Furthermore it was found that the timing of anther dehiscence was delayed 
when compared to wild type plants, while flower development in general was unaffected 
by the absence of PIP2 proteins. Closer analysis indicated that transgenic anthers dehydrate 
slower than wild type, and this effect could be confirmed by the more detailed NMR analysis. 
These results are in agreement with the model that is described in chapter 4.
 In chapter 6 preliminary experiments are described that were performed to analyze 
the role of PIP and NIP aquaporins in pollen tube growth. To this end, transgenic plants were 
generated that contained constructs to silence PIPs in the pollen tubes and NIPs in the whole 
plant. Analysis showed that the segregation of the resistance gene in theprogeny diverged 
from Mendelian ratios, in particular for the plants that contained the NIP construct. This 
could indicate that aquaporins of this family have a function in pollen tube growth.
 Finally, in chapter 7 the results are summarized and discussed. In addition, a model 
is presented that describes the gating of aquaporins and the direction of water flow in pollen 
tubes as a result of changing ion concentrations. 
 The results described in this thesis indicate that aquaporins are involved in the 
transport of water during various processes that occur in reproduction. Silencing of PIP 
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expression, however, did not affect pollen hydration, pollen tube growth and seed set. A 
possible explanation for this could be that different mechanisms are present in plants to 
assure reproductive success. 
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Samenvatting
Dit proefschrift beschrijft experimenten die uitgevoerd zijn om de rol die twee eiwitfamilies 
spelen bij het transport van water tijdens de voortplanting van tabaksplanten te onderzoeken. 
Planten kunnen niet bewegen, en daarom is voortplanting lastig: het is immers niet mogelijk 
naar een geschikte partner toe te gaan. In plaats daarvan worden de spermacellen verspreid 
in stuifmeelkorrels of pollen, die zich ontwikkelen zich in de helmknop. Tijdens het transport 
naar de stempel zijn de pollenkorrels van de meeste angiosperme planten gedehydrateerd en 
bevatten minder dan 30% water. Deze en andere aanpassingen zorgen ervoor dat pollenkorrels 
ook tijdens langere periodes in de atmosfeer levensvatbaar blijven. Zo is in het pollen van 
bepaalde soorten sucrose aanwezig, die de pollenmembraan beschermt tijdens dehydratatie. 
Wanneer een pollenkorrel landt op de stempel van een compatibele plant hydrateert hij 
door de opname van water uit de stempel. In sommige soorten wordt de hydratatie strikt 
gereguleerd om te voorkomen dat zowel pollen met een identieke genetische achtergrond als 
pollen van andere soorten een pollenbuis kunnen vormen. In andere soorten, zoals tabak, is 
deze regulatie minder strikt. Wanneer een pollenkorrel gehydrateerd is, kan een pollenbuis 
geproduceerd worden die de mannelijke gameten door de stijl naar het vruchtbeginsel 
vervoert, waar bevruchting van de eicel plaats vindt.
 Het zal duidelijk zijn dat transport van water noodzakelijk is voor de hydratatie 
van de pollenkorrels en het is aannemelijk dat dit ook het geval is tijdens pollenbuisgroei 
in de stamper. Maar transport van water is ook belangrijk tijdens de ontwikkeling van de 
pollenkorrels in de helmknop. Pollenkorrels bevatten weinig water tijdens het transport naar 
de stempel omdat ze in de laatste fase van ontwikkeling een dehydratatie fase doorlopen. Min 
of meer gelijktijdig met de pollen, dehydrateert ook de helmknop zelf. Dit heeft tot gevolg 
dat er in de wanden van de helmknop een spanning ontstaat, die ervoor zorgt dat de helmknop 
open springt zodra hij rijp is. Hierbij komen de pollenkorrels vrij en kan bestuiving plaats 
vinden. 
Onlangs is een familie van eiwitten ontdekt die water kanalen vormen in biologische 
membranen. Omdat transport van water een grote rol speelt tijdens de voortplanting van 
planten en omdat voortplanting van cruciaal belang is voor het voortbestaan van een soort, 
hebben we de rol van aquaporines in de voortplanting van de tabaksplant onderzocht.
In hoofdstuk 1 wordt een overzicht gegeven van de processen die zich afspelen tijdens 
de voortplanting van angiosperme planten, en wordt een familie van eiwitten geïntroduceerd, 
de aquaporines. Aquaporine eiwitten zijn in staat om waterkanalen te vormen in cellulaire 
membranen, waardoor een hydraulische connectie ontstaat tussen twee biologische 
compartimenten. Aquaporines komen voor in planten, dieren en micro-organismen, maar 
planten hebben relatief veel aquaporine genen, die toebehoren aan vier verschillende 
families: PIP, TIP, NIP en SIP. Hoewel aquaporines oorspronkelijk als waterkanalen zijn 
geïdentificeerd, zijn er ook aquaporine eiwitten bekend die kleine ongeladen moleculen, 
bepaalde ionen of gassen zoals CO
2
 kunnen doorlaten. Aquaporine eiwitten hebben in 
planten verschillende functies; onder meer wateropname via het wortelstelsel, maar ze lijken 
ook betrokken te zijn bij de reactie op stress condities. 
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In hoofdstuk 2 wordt onderzocht of oleosines aanwezig zijn op het oppervlak van 
tabakspollen of in de stempel. Van deze eiwitten is bekend dat ze in Arabidopsis een rol spelen 
bij de regulatie van pollen hydratatie. In onze experimenten hebben we een moleculaire en 
een biochemische methode gebruikt om oleosines te detecteren. De resultaten geven aan dat, 
hoewel we wel DNA sequenties met homologie aan de oleosines kunnen aantonen, er geen 
oleosine-achtige mRNAs of eiwitten aanwezig zijn in de voortplantingsorganen van tabak. 
Een mogelijke verklaring voor deze observatie is dat de hydratatie van pollenkorrels op de 
stempel van tabak gecontroleerd wordt door andere eiwitten.
Hoofdstuk 3 beschrijft de isolatie en analyse van een aantal aquaporine homologen. 
Door het gebruik van twee verschillende isolatiemethoden zijn 15 verschillende cDNA 
fragmenten geïsoleerd die homoloog zijn aan aquaporines van de PIP en NIP families. Omdat 
de PIPs de grootste familie vormen in Arabidopsis en aanwezig zijn in de plasmamembraan, 
hebben we onze experimenten op deze aquaporines gericht. Expressie studies op RNA en 
eiwit niveau toonden aan dat PIP1 aquaporines voornamelijk in de stamper tot expressie 
komen en PIP2 aquaporines voornamelijk in de helmknop. In pollenkorrels is de expressie 
van de PIP aquaporines erg laag en alleen te detecteren met RT-PCR. Van twee cDNA 
fragmenten is de volledige sequentie achterhaald en de functie getest in Xenopus laevis 
oocyten, waarbij is gebleken dat in dit systeem de PIP2 homoloog NtPIP2;1 een efficiënter 
waterkanaal vormt dan de PIP1 homoloog NtPIP1;1. 
Om een beter beeld te krijgen van de mogelijke functies van aquaporines in de 
helmknop en stempel hebben we de lokalisatie van PIP1 en PIP2 in deze organen onderzocht 
(hoofdstuk 4). PIP1 mRNA wordt gedetecteerd in de nek-cel regio van de stempel, en niet 
dicht bij het oppervlak van de stempel waar de pollenkorrels hydrateren en aquaporines dus 
verwacht zouden worden. In jonge helmknoppen kan PIP1 en PIP2 mRNA gedetecteerd 
worden in de meeste weefsels waaruit een helmknop bestaat, maar er zijn wel subtiele 
verschillen tussen de lokalisaties van beide families. Dit zou erop kunnen wijzen dat 
PIP1 en PIP2 aquaporines verschillende functies uitvoeren tijdens de ontwikkeling van de 
helmknoppen. Bij de bestudering van de lokalisatie van PIP2 eiwitten tijdens de ontwikkeling 
van helmknoppen werd duidelijk dat PIP2 expressie zowel in tijd als in plaats gereguleerd 
wordt. Interpretatie van de lokalisatie resultaten heeft geleid tot de formulering van een 
model voor de dehydratatie van helmknoppen die aan het openen vooraf gaat. Volgens 
dit model wordt deze dehydratatie bewerkstelligd door de combinatie van een toename in 
hydraulische continuïteit, dankzij de expressie van PIP2 aquaporines, en de aanwezigheid 
van een osmotische gradiënt die het water uit de helmknop beweegt. 
Een meer grondige analyse van de rol van PIP2 aquaporines in de helmknop staat 
beschreven in hoofdstuk 5. Door middel van RNAi zijn transgene planten geproduceerd 
waarin de expressie van PIP2 eiwitten verhinderd wordt. Analyse van deze planten toonde 
in de eerste plaats aan dat zij een langere primaire wortel bezitten dan controle planten. 
Vervolgens werd duidelijk dat het moment van het openen van de helmknoppen verlaat is 
ten opzichte van controle planten, terwijl bloemontwikkeling in het algemeen niet aangetast 
is door de afwezigheid van PIP2 eiwitten. Nadere analyse wees uit dat de transgene 
helmknoppen langzamer dehydrateren dan controles, en dit effect kon bevestigd worden met 
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gedetailleerde NMR analyses. Deze resultaten zijn in overeenstemming met het model van 
helmknop dehydratatie dat in hoofdstuk 4 beschreven staat.
Vervolgens worden in hoofdstuk 6 de inleidende experimenten beschreven om 
de rol van PIP en NIP aquaporines in pollenbuisgroei te onderzoeken. Hiervoor zijn 
transgene planten gemaakt die constructen bevatten die de expressie van PIP eiwitten in de 
pollenkorrels en NIP eiwitten in de hele plant verhinderen. Analyse wees uit dat de doorgifte 
van de antibioticumresistentie naar de volgende generatie via de pollenkorrels afweek van 
de verwachte Mendeliaanse verhoudingen, vooral voor de planten die het NIP construct 
bevatten. Dit zou erop kunnen wijzen dat aquaporines van deze familie een rol spelen in 
pollenbuisgroei.
Tot slot worden in hoofdstuk 7 de behaalde resultaten samengevat en bediscussieerd. 
Daarnaast wordt een model gepresenteerd dat het openen en sluiten van aquaporines en de 
richting van het watertransport beschrijft als reactie op veranderende ionen concentraties in 
pollenbuizen.
De in dit proefschrift beschreven resultaten wijzen erop dat aquaporines betrokken 
zijn bij het transport van water tijdens verschillende facetten van de voortplanting van 
tabaksplanten. Het uitschakelen van PIP aquaporine expressie bleek echter geen cruciale 
gevolgen te hebben voor pollen hydratatie, pollenbuisgroei en zaadzetting. Een mogelijke 
verklaring voor deze observatie is, dat voortplanting zo belangrijk is voor de plant, dat er 
verschillende systemen naast elkaar werken om alles goed te laten lopen. 
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De auteur van dit proefschrift werd op 29 oktober 1975 geboren te Rotterdam, maar bracht 
het grootste gedeelte van zijn jeugd door in Giessenburg. In het nabij gelegen Gorinchem 
doorliep hij het Gymnasium Camphusianum, waarna hij in september 1994 biologie ging 
studeren aan de Katholieke Universiteit Nijmegen. Zijn eerste stage werd uitgevoerd op de 
afdeling Celbiologie van de Plant, onder begeleiding van Prof. Dr. C. Mariani en Ir. R. Feron. 
Tijdens deze stage werd de expressie van het gen TFHP-1 onderzocht. De tweede stage 
verrichtte hij bij een onderdeel van Agrevo in Gent, België, onder begeleiding van Dr. M. 
Cornelissen en Dr. J. Jacobs. Hier werd een gedeeltelijke karakterisatie uitgevoerd van het 
mechanisme van ‘post-transcriptional gene silencing’. In augustus 1998 werd het doctoraal 
examen biologie in de algemene richting behaald. Na enkele student-assistentschappen 
werd hij in mei 1999 aangesteld als assistent in opleiding op de afdeling Celbiologie van de 
Plant van de Katholieke Universiteit Nijmegen, onder begeleiding van Prof. Dr. C. Mariani. 
De resultaten van dit promotieonderzoek staan beschreven in dit proefschrift. Tijdens het 
promotieonderzoek werden verschillende cursussen gevolgd en een aantal stagestudenten 
begeleid. Van 1 december 2003 tot 31 augustus 2004 werkt hij aan een project dat wordt 
gefinancierd door de Commissie Genetische Modificatie.
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Nawoord
Uiteindelijk is het dan zover dat ik aangekomen ben bij dat deel van mijn proefschrift waarin 
ik iedereen mag bedanken die me de afgelopen vijf jaar heeft geholpen. En dat zijn er nogal 
wat. 
 Titti, jij hebt zonder enige twijfel de grootste invloed gehad op mijn wetenschappelijke 
leven tot nu toe. Niet alleen ben je mijn promotor, jij bent ook degene geweest die me acht 
jaar geleden enthousiast heeft gemaakt voor moleculaire plantkunde en me vervolgens met 
zachte dwang naar Gent heeft gestuurd om een uitermate leerzame en leuke stage te lopen. Al 
die tijd, maar voornamelijk de laatste anderhalf jaar, heb ik ongelooflijk veel van je geleerd. 
Niet alleen op wetenschappelijk gebied, maar ook op het sociale en politieke vlak, en ik ben 
je daar dan ook intens dankbaar voor.
 Naast Titti is ook Richard een constante factor geweest in de afgelopen jaren. Altijd 
klaar met advies of hulp, of je nou mijn begeleider was tijdens cursussen of mijn eerste 
stage, of collega in de afgelopen jaren. Als Richard het niet kan kloneren, vergeet het dan 
maar. Dank je daarvoor. Iemand met wie ik iets minder lang heb mogen werken is Koen. 
Desalniettemin heb ik erg veel gehad aan je kijk op het uitvoeren van experimenten, het 
schrijven van artikelen, het opstellen van hypotheses en het leven in het algemeen. Dat laatste 
geldt ook voor Else en Mieke, die mij in tijden van stress of onwillige experimenten altijd 
konden afleiden met gesprekken over muziek, Feyenoord of de wetenswaardigheden van het 
leven met schoolgaande en studerende kinderen. Daarnaast is Else natuurlijk onmisbaar bij 
het afhandelen van alle niet-wetenschappelijke zaken die in het leven van een aio voorkomen, 
en is Mieke verantwoordelijk voor de prachtige immunolokalisaties die in dit proefschrift 
staan. Beiden dus ongelooflijk bedankt. Jan, je hebt geen idee hoe handig het is om iemand 
bij de hand te hebben die niet alleen oneindig veel feiten in zijn hoofd heeft, maar ook nog 
eens een scherpe kijk op de wetenschap. Dank je voor alle raad en adviezen.
 De meeste tijd in het lab en de koffiekamer heb ik doorgebracht met mijn collega-
aio’s Ivo, Jeroen, Karin en Flora. Jullie aanwezigheid heeft die vijf jaar aanzienlijk korter 
doen lijken en heeft daarnaast een hele berg onvergetelijke herinneringen opgeleverd. Ivo, 
zullen we nog eens een avondje wijn gaan proeven? Jeroen, zullen we nog eens een feestje 
in Swansea organiseren? Oh, en blijf online. Bij deze beloof ik trouwens snel naar Engeland 
te komen om jullie op te zoeken. Karin, dank je voor je gezelschap en succes gewenst bij 
het zoeken naar een goed vervolg. Flora, ik heb je kracht altijd bewonderd, nu nog even 
je proefschrift afmaken en dan terug naar je man en kinderen. Veel succes. Verder zijn er 
nog een aantal mensen met wie ik voor kortere tijd mocht werken. Barend, Maurice, Ana, 
Chiara, Wim, Tamara, Marian, Peter, Manoko, Filip, Stefan, Anneke, Jannie, Raymond, Ton: 
bedankt voor congressen, adviezen, koffiepauzes en andere gezelligheid. Tom, dank je voor 
je levenswijsheid en partijtjes schaak. De fles is bijna leeg, dus we moeten maar weer eens 
spelen.
 Dit onderzoek was letterlijk niet mogelijk geweest zonder de mensen in de kassen, 
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vooral omdat ik vijf jaar geleden nog geen kamerplant in leven kon houden. Zonder de hulp 
van Gerard, Walter, Yvette, Harry en iets langer geleden Theo had ik geen planten voor mijn 
onderzoek gehad. Daarnaast is er waarschijnlijk geen betere therapie voor alles dan het 
plukken van bloemetjes en het maken van een praatje in de kassen. Dank jullie daarvoor. 
Huub, Liesbeth, Jelle en Rien, bedankt voor de hulp bij het gebruik van microscopen en het 
sequencen, en Huub daarnaast bedankt voor alle technische adviezen en mooie verhalen. 
Nog een paar maanden en dan genieten, net als Bart, die mij niet alleen met zijn prachtige 
lach maar ook met zijn schitterende verhalen over brommertochtjes en kermissen wist te 
vermaken. 
 Ook van buiten Nijmegen heb ik de nodige hulp gehad. Frank en Henk, hartelijke 
dank voor de NMR-analyse die hoofdstuk vijf stukken mooier heeft gemaakt. Ralf, Norbert 
and Franka, thank you for your help, especially when I just started working on aquaporins. 
I have very much enjoyed your hospitality during my various visits to Würzburg and 
Darmstadt. Een speciaal woord van dank voor Harry Ruhé, voor de hartelijke medewerking 
bij het maken van de cover.
 De afgelopen jaren heb ik niet alleen in het lab doorgebracht. Vanwege plaatsgebrek 
kan ik niet iedereen uitgebreid bedanken, maar een paar namen wil ik wel noemen. Daar gaan 
we, met het gevaar iemand te vergeten: Joachim, Lex en Bente, Marijn, Coco, Imke, ik ben 
blij dat jullie er zijn. Verder natuurlijk holgersson. Heren en dame, de repetities zijn altijd het 
enige moment in de week dat ik drie uur lang niet aan experimenten dacht. Dank daarvoor, 
en wie weet wat er nog komen gaat. 
 Voor mijn ouders en Michael: een simpel dank je wel voor zoiets enorms als een 
opvoeding is een gotspe. Maar ik besef dat zonder jullie dit boekje hier niet zou liggen, en 
daarom is dit ook voor een gedeelte jullie proefschrift: alsjeblieft. Ten slotte: Mascha. Dank 
je voor je besluit mij niet zomaar naar huis te laten gaan. Zevenenhalf jaar is maar een begin. 
Ik houd van je!
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